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ABSTRACT 

This report presents an evolutionary cyclic plasticity based transformative approach for fatigue 

evaluation of safety critical components. This approach is generic which can be used not only for 

the present generation light water reactor components (which is our focus) but also for advanced 

reactor components. The approach is based on the fundamental concept of time-evolution of 

progressive fatigue damage rather than the end-of-life data based conventional S~N curve 

approaches. Series of fatigue tests on 316 stainless steel uniaxial specimens were conducted under 

strain-controlled and stress-controlled cyclic loading in two different environment such as in-air 

at 300 °C and PWR coolant water condition at 300 °C. Material models are developed to capture 

the uniaxial test data and are subsequently programmed into commercially available ABAQUS 

code to transform the uniaxial material behavior to multiaxial loading domain. The developed 

evolutionary cyclic-plasticity approach is verified by both analytical and 3D-FE modeling of 

uniaxial fatigue test specimens. Results show that the developed material models can capture the 

time-dependence of material hardening and softening with great accuracy. In addition, results 

show that the material models not only can capture the material behavior under constant amplitude 

loading but also can capture the load-sequence effect under variable and random amplitude 

loading. The ANL developed approach is one of its kind, which shows first in the fatigue research 

community that  fatigue evaluation of a component (in our case verified for laboratory scale fatigue 

test specimens with great accuracy) can be performed for its entire fatigue life, including the 

hardening and softening behavior, without using a conventional S~N curve based approach. 

Additionally results are presented related to fatigue evaluation of real reactor components such 

as of a pressurized water reactor (PWR) surge line (SL), under upset transient conditions. SLs of 

PWR experience complex thermal stratification due to the mixing of differential temperature flow 

from hot leg and pressurizer. A detailed parametric study of thermal stratification in SL is 

performed through both standalone computational fluid dynamics (CFD) analysis and fluid-

structure-interaction based coupled CFD and heat transfer analysis. Results show that the mass 

flow rate in SL substantially affects the extent of its thermal stratification. The resulting thermal 

boundaries conditioned are used as inputs for thermal-mechanical stress analysis and component 

level fatigue evaluation. Fatigue evaluation of SL pipe under example loading conditions was 

performed using the above-mentioned evolutionary-plasticity based approach and ASME code (for 

in-air life) and NUREG-6909 (for PWR environment life) based approaches. Results show that the 

evolutionary plasticity based approach estimate substantially different life compared to the 

conventional ASME based approach. 

To show the entirety of the proposed evolutionary fatigue-modeling framework, this report 

includes the results presented in semi-annual March report (ANL/LWRS-17/01). Sections 2-5 of 

March report are directly included as Sections 2-5 in this report, without any significant changes. 

However, Sections 6-9 of this report present the work performed during March-September of 2017. 

Whereas, Sections 1 and 10 present the organization of this report and the summary and future 

work, respectively.   

This report (ANL/LWRS-17/03 Rev. 1) is a slightly revised version of the earlier published report 

(ANL/LWRS-17/03). In this revised version, some of the results and associated discussion have 

been corrected/updated.  
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1  Organization of This Report    
 

This report is organized in to following sections: 

 

Section 1: Organization of this report 

Section 2: Theoretical Background on Evolutionary Cyclic Plasticity: APSE-Based 1D-Analytical 

and 3D-FE Modeling 

Section 3: Results from Strain-controlled Tensile/Fatigue Test and Material Parameter Estimation 

Models of 316 SS 

Section 4: Results from Analytical Modeling of Constant, Variable, and Random Load Strain-

controlled Fatigue Tests 

Section 5: Results from FE Modeling of Strain-controlled Fatigue Tests 

Section 6: Stress-Controlled Tensile/Fatigue Tests of 316 SS 

Section 7: Results from Analytical Modeling of Stress-Controlled Fatigue Tests of 316 SS 

Section 8: CFD and Thermal-Mechanical Stress Analysis under Transient Conditions 

Section 9: Fatigue Life Estimation of SL Pipe based on ANL Developed Fully Mechanistic 

Approach and ASME and NUREG-6909 Mandated S~N Curve based Approaches 

Section 10: Summary and Future Study 
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2 Theoretical Background on Evolutionary Cyclic Plasticity: APSE-Based 1D-Analytical 
and 3D-FE Modeling 

 

The current procedures for fatigue life assessment of nuclear reactor components exposed to thermal-

mechanical loading cycles and reactor environment are usually based on stress/strain versus life (S~N) 

curves and/or similar empirical approaches [1-7].  Although these empirical approaches allow engineers 

to quickly assess the component’s design lives, they are not directly based on time-dependent damage 

evolution and damage accumulation, which can lead to the fatigue failure of metallic components. 

Furthermore, there remains considerable debate on how to incorporate the effect of the reactor 

environment while evaluating the fatigue life of reactor components by empirical approaches [8]. Also, as 

many different codes and standards use different approaches (e.g., based on stress [3-5] or strain range 

methods [6, 7]), it is sometimes difficult to decide which method to use. Recently, organizations like the 

World Nuclear Association’s working group Cooperation in Reactor Design Evaluation and Licensing 

(CORDEL) and the Standards Development Organizations (SDOs) Code Convergence Board have been 

set up to homogenize the international codes and standards for nuclear power components [9]. 

 

By adopting more mechanistic-based approaches for fatigue evaluation, the issues associated with 

fatigue life evaluation can be greatly reduced. Moreover, with the current availability of advanced 

computation tools, such as the finite element (FE) method, along with high performance computing, it 

may be possible to model a component or an overall system more mechanistically than the traditional 

approach of over dependence on test-based methods. The resulting mechanistic approach will provide 

engineers with more accurate prediction of fatigue lives of the reactor components as compared with 

current approaches, which have large uncertainties due to the use of empirical relations.  

 

Nuclear power plant components are subjected to complex stress/strain cycle loading during day-to-

day operations. In some situations, cyclic loading may induce large-amplitude stress reversals, which may 

exceed the elastic limit due to presence of welds, notches, etc. Under these conditions, the behavior of 

materials such as 316 stainless steel (SS) [which is primarily used in U.S. reactor primary pipes, such as 

Pressurized Water Reactor (PWR) surge line (SL), hot leg, and cold leg] may become inelastic and may 

exhibit related phenomena such as the Bauschinger effect, cyclic hardening/softening, and mean stress 

relaxation or ratcheting [10]. Thus, the development of advanced models that can address the above-

mentioned phenomena and the successful incorporation of those models into a generalized finite element 

code such as ABAQUS or ANSYS are necessary to ensure more accurate evaluation of the mechanistic-

based structural integrity of reactor and other safety-critical components. 

 

Several material models [11-18] have been developed in last few decades to better describe the cyclic 

plasticity behavior of materials under different loading conditions. Among them, the Chaboche-type [13-

15] models are found widely used in engineering calculations and included in several commercial FE 

software, such as ABAQUS and ANSYS. The basis of Chaboche type models is the Armstrong-Frederick 

non-linear kinematic hardening model [12]. Although various successful simulations were carried out 

numerically for both rate-independent and rate-dependent plasticity, it was found that the Armstrong-

Frederick model over-predicts the cyclic stress relaxation and ratcheting behavior by up to a factor of 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve: Rev.1 
August  2018 
 

     ANL/LWRS-17/03 Rev. 1 
  

3 

about ten [17]. Chaboche and Rousselier [15] improved the prediction of ratcheting by superposition of 

multiple Armstrong- Frederick formulas. Although the Chaboche-type model in its original form can 

accurately describe plasticity under monotonic loading as well as the saturated (or stabilized) cyclic 

hardening behavior of reactor materials, it may not be accurate for modeling the non-saturation feature of 

cyclic hardening and/or softening [18]. Even though much improvement of the Chaboche model has been 

made by other researchers [18-20], none of the existing models in the literature is versatile and robust 

enough to simulate the cyclic plasticity behavior accurately [21]. Improved understanding of the cyclic 

plasticity of metal, therefore, is required before a robust plasticity model can be developed for practical 

applications, such as evaluating the stress-strain state and fatigue life of a reactor component.  

 

In previous work [22-26], we proposed an evolutionary cyclic plasticity model for mechanistic fatigue 

modeling of key reactor materials. In the present work, we further improved the evolutionary cyclic 

plasticity model by focusing on model development for 316 SS, which is used in U.S. PWRs as primary 

pipe. 

 

An evolutionary cyclic plasticity model was developed based on Chaboche [13] or Armstrong-

Frederick [12] type analytical expressions for nonlinear kinematic hardening. The details of the material 

model development are discussed in our previous work [22, 24]. However, for the completeness of this 

report the evolutionary cyclic plasticity model and related constitutive relations are presented here briefly. 

Note that the constitutive relations are in more generalized form. Previously [22, 24], we presented a 

cycle-by-cycle technique to estimate time/cycle-dependent parameters from experimental data from a 

constant-amplitude uniaxial fatigue test. In later work [26], we presented a more generalized estimation 

scheme (refer to “method-2” in the reference), which can be used for estimating time/cycle-dependent or 

time/block-dependent material parameters from constant- or variable-amplitude test data, respectively. 

We briefly present the generalized estimation technique here. In addition, since material behavior under 

random-amplitude fatigue loading cannot be modeled by using earlier developed time-dependent material 

parameters, we discuss the possibility of using an APSE-dependent material model. To accommodate the 

APSE-based approach in a more generalized framework (than the earlier presented [22, 24, 26] time/cycle 

based model), the constitutive relations are symbolically expressed with respect to a generalized field 

variable v, which can be a function of time or fatigue cycle/block or any other physical state (e.g., APSE).   

The details of the constitutive relations and other analytical expressions are given in the following 

subsections. Furthermore, at the end of this section, the implementation of our evolutionary cyclic 

plasticity model into a commercial FE software, ABAQUS, is also discussed.     

 

2.1 Constitutive Relations for Evolutionary Cyclic Plasticity Model 

  

We consider a rate-independent elastic-plastic material. We assume the strain is small and can be 

additively decomposed into an elastic part obeying Hooke’s law and a plastic part governed by the 

associated flow rule based on Von-Mises yield criteria (f=0). At any instant, the yield function 𝑓𝑣, 

corresponding to the evolutionary cyclic plasticity model, can be expressed as, 
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𝑓𝑣(𝝈, 𝜶) = √
3

2
(𝑺 − 𝜶): (𝑺 − 𝜶) − 𝜎𝑣

𝑦
= 0                                                (2.1) 

where 𝝈 is the stress vector at that instant, 𝜶 is the corresponding back stress vector, and 𝜎𝑣
𝑦

 is the yield 

stress. Note that the subscript v is used to demonstrate that the yield stress is not constant as it is in the 

case of conventional cyclic plasticity model, rather it is a variable that can be a function of time or fatigue 

cycle/block or any other physical state (e.g., APSE). In addition, 𝑺 represents the deviatoric stress portion 

of 𝝈.  The associated flow rule can be expressed as: 

                                 𝑑𝜺𝑝𝑙 = 𝑑𝑃
𝜕𝑓𝑣

𝜕𝝈
                                                                        (2.2) 

where 𝑑𝑃 is the effective plastic strain increment. According to the  additive rule the total strain can be 

expressed as: 

                               𝜺 =  𝜺𝑒𝑙 + 𝜺𝑝𝑙                                                                      (2.3) 

with Hooke’s law for elastic strain,  

                     𝝈 = 𝑪𝑣 𝜺
𝑒𝑙 = 𝑪𝑣(𝜺 − 𝜺𝑝𝑙)                                                       (2.4) 

where 𝜺𝑒𝑙 and 𝜺𝑝𝑙 are the elastic and plastic portion of the strain (𝜺) at that instant and 𝑪𝒗 is the variable 

elastic stiffness matrix.  

 

The evolutionary cyclic plasticity model based on Chaboche-type nonlinear kinematic hardening can 

be expressed as, 

 

                𝑑𝜶 =
2

3
𝐶1𝑣𝑑𝜺𝑝𝑙 − 𝛾1𝑣𝜶𝑑𝑃                                                     (2.5) 

where 𝐶1𝑣 and 𝛾1𝑣 are material parameters. The parameter 𝐶1𝑣 is a proportional constant that gives a 

linear relation between the increment in the back stress, 𝑑𝜶, and the increment in the plastic strain, 𝑑𝜺𝑝𝑙, 

while 𝛾1𝑣 describes the rate at which the back stress decreases with the increase in accumulated effective 

plastic strain, 𝑑𝑃.  

 

For incremental plasticity, the plastic strain increment, 𝑑𝜺𝑝𝑙, associated with the nonlinear kinematic 

hardening rule, given in Eq. (2.5), can be expressed as 

 

𝑑𝜺𝑝𝑙 = (
𝜕𝑓𝑣
𝜕𝝈

.𝑪𝒗𝑑𝜺

(
𝜕𝑓𝑣
𝜕𝝈

).𝑪𝒗(
𝜕𝑓𝑣
𝜕𝝈

)+𝛾1𝑣(
𝜕𝑓𝑣
𝜕𝜶

).𝜶−
2

3
𝐶1𝑣(

𝜕𝑓𝑣
𝜕𝜶

).(
𝜕𝑓𝑣
𝜕𝜶

)
 )

𝜕𝑓𝑣

𝜕𝝈
                              (2.6) 

The above expression for the incremental plastic strain can be used for developing a cyclic-plasticity finite 

element or analytical model. The associated parameters include the variable elastic modulus (𝐸𝑣, used for 

estimating the stiffness matrix 𝑪𝒗), kinematic hardening parameters (𝐶1𝑣 and 𝛾1𝑣), and yield stress (𝜎𝑣
𝑦

, 

used for estimating the yield function 𝑓𝑣).  
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2.2 Time-Based Estimation of Time-Dependent Material Parameters 

 

Time-dependent material parameters are estimated from either a constant- or a variable-amplitude 

fatigue test. Stress-strain data from all the cycles within a block are used together to estimate time/block-

dependent (i.e., block-by-block) material parameters from variable-amplitude tests. In addition, stress-

strain data from each cycle are used to estimate time/cycle-dependent material parameters from constant-

amplitude test. Here we briefly present our block-by-block parameter estimation technique, which can 

also be used to estimate cycle-by-cycle parameter estimation.  To estimate block-dependent material 

parameters, all the cyclic stress-strain curves in a block are first converted into equivalent monotonic 

stress-strain curves. Based on an assumed elastic limit strain, the material parameters are then determined 

for all the blocks by using the Gauss-Newton optimization scheme. The steps for estimating the material 

parameters for block i are as follows: 

 

Step 1: Estimate the kinematic hardening stress or back stress (𝛼𝑖,𝑗,𝑘) and corresponding 

accumulated intra-cycle plastic strain (𝑝̅𝑖,𝑗,𝑘) for k instances (k = 1,2,…mj) using the expressions: 

 

𝛼𝑖,𝑗,𝑘 = 𝜎𝑖,𝑗,𝑘 − 𝜎𝑖
𝑦

                                                                         (2.7) 

𝑝̅𝑖,𝑗,𝑘 = 𝜀𝑖,𝑗,𝑘 −
𝜎𝑖

𝑦

𝐸𝑖
                                                                          (2.8) 

 

where subscript 𝑗 represents  the jth (i=1,2, .. 2n) up/down cycle of the ith block, superscript 𝑘 

represents the kth data point in the shifted and scaled jth (i=1,2, .. 2n) up/down cycle of the ith block, 

and 𝜎𝑖
𝑦

and 𝐸𝑖 are the average yield stress and average elastic modulus in the ith block, respectively. 

Note that there are n fatigue cycles in each block, i.e., n upward cycles and n downward cycles, 

which make the total number of monotonic cycles in each block 2n. 

 

Step 2: Assume initial values of nonlinear kinematic hardening parameters: 𝑳 = [𝐶1𝑖  𝛾1𝑖]
𝑇 

 

Step 3: Estimate the residual function vector 

 

𝒓 = [𝑟𝑖,𝑗=1,𝑘=1 …𝑟𝑖,𝑗=1,𝑘=𝑚1
  𝑟𝑖,𝑗=2,𝑘=1 …𝑟𝑖,𝑗=2,𝑘=𝑚2

…𝑟𝑖,𝑗=2𝑛,𝑘=1 … 𝑟𝑖,𝑗=2𝑛,𝑘=𝑚2𝑛
]𝑇       (2.9) 

 

with the kth instance residual in the jth cycle of the ith block as  

 

𝑟𝑖,𝑗,𝑘 = 
𝐶1𝑖

𝛾1𝑖
[1 − exp ((−𝛾1𝑖(𝑝)𝑝̅𝑖,𝑗,𝑘))] − 𝛼𝑖,𝑗,𝑘                                                    (2.10) 

 

Step 4: Estimate the Jacobian matrix J as follows: 
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𝐽 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝜕𝑟𝑖,𝑗=1,𝑘=1

𝜕𝐶1𝑖...
𝜕𝑟𝑖,𝑗=1,𝑘=𝑚1

𝜕𝐶1𝑖

𝜕𝑟𝑖,𝑗=1,𝑘=1

𝜕𝛾1𝑖...
𝜕𝑟𝑖,𝑗=1,𝑘=𝑚1

𝜕𝛾1𝑖

𝜕𝑟𝑖,𝑗=2,𝑘=1

𝜕𝐶1𝑖...
𝜕𝑟𝑖,𝑗=2,𝑘=𝑚2

𝜕𝐶1𝑖...
𝜕𝑟𝑖,𝑗=2𝑛,𝑘=1

𝜕𝐶1𝑖...
𝜕𝑟𝑖,𝑗=2𝑛,𝑘=𝑚2𝑛

𝜕𝐶1𝑖

𝜕𝑟𝑖,𝑗=2,𝑘=1

𝜕𝛾1𝑖...
𝜕𝑟𝑖,𝑗=2,𝑘=𝑚2

𝜕𝛾1𝑖...
𝜕𝑟𝑖,𝑗=2𝑛,𝑘=1

𝜕𝛾1𝑖...
𝜕𝑟𝑖,𝑗=2𝑛,𝑘=𝑚2𝑛

𝜕𝛾1𝑖 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                        (2.11) 

 

In Eq. 2.11, the kth instance expression for the partial derivatives is given below: 

 

 
𝜕𝑟𝑖,𝑗,𝑘

𝜕𝐶1𝑖
= 

1

𝛾1𝑖
[1 − exp ((−𝛾1𝑖𝑝̅𝑖,𝑗,𝑘))]                                                             (2.12) 

 

and  

 
𝜕𝑟𝑖,𝑗,𝑘

𝜕𝛾1𝑖
= 

−𝐶1𝑖

(𝛾1𝑖)
2 [1 − exp(−𝛾1𝑖𝑝̅𝑖,𝑗,𝑘)] +

𝐶1𝑖 𝑝̅𝑖,𝑗,𝑘

(𝛾1𝑖)
exp(−𝛾1𝑖𝑝̅𝑖,𝑗,𝑘)                     (2.13) 

 

Step 5: Estimate the incremental change in parameters: 

 

∆𝑳 = [∆𝐶1𝑖  ∆𝛾1𝑖]
𝑇 = −[(𝑱𝑇𝑱)−1𝑱𝑇]𝒓                                 (2.14) 

 

Step 6: Update parameters as: 

 

𝑳 = [𝐶1𝑖  𝛾1𝑖]
𝑇 =  𝑳 + ∆𝑳                                               (2.15) 

 

Step 7: Repeat step 3 to step 6 unless the L2 norm of the incremental parameters ∆𝑳 is less than a 

tolerance value, i.e., 

 

||∆𝑳||2  ≤  𝑡𝑡𝑜𝑙                                                             (2.16) 

 

 

In Eqs. 2.7 to 2.16, the subscripts i, j, and k respectively represent block number, cycle number in block 

i, and data number in cycle j. This is the convention used for estimating time/block-dependent material 

parameters from variable-amplitude fatigue tests, while for estimating time/cycle-dependent material 

parameters from constant-amplitude fatigue tests, i and j are considered to be the same.  
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2.3 Modeling Fatigue Behavior using Evolutionary Cyclic Plasticity Model 

 

The major aim of our research is to develop an FE modeling framework based on the proposed 

evolutionary cyclic plasticity model for estimating the lives of nuclear reactor components subjected to 

random cyclic loading. The cyclic plasticity model must be validated for laboratory experimental data 

through analytical modeling and 3D-FE modeling of the specimen before it can be implemented on 

component-level 3D-FE modeling. In this work, we modeled various fatigue experiment cases using the 

evolutionary cyclic plasticity model. The two modeling schemes used are discussed in the following 

subsections. 

 

2.3.1 Time-Based Modeling    

 

Material behavior under constant- or variable-amplitude fatigue loading can be predicted from the 

constitutive relations (Eqs. 2.1 to 2.6) for the evolutionary cyclic plasticity model and the time-dependent 

material parameters estimated via the technique described in Section 2.2. For a constant-amplitude fatigue 

loading, time/cycle-dependent (i.e., cycle-by-cycle) parameters are used while time/block-dependent (i.e., 

block-by-block) parameters are used to model material behavior under variable-amplitude block loading. 

For analytical modeling of the evolutionary cyclic plasticity model, we adopted the radial return method 

proposed by Wilkins [27]. Using this method, the stress increment for a given strain increment is 

computed. Results from time-based analytical modeling of the fatigue tests are presented in Section 4. 

 

2.3.2 APSE-Based Modeling    

 

As discussed in Section 2.3.1, time-dependent material parameters are used to model material fatigue 

behavior under constant- or variable-amplitude loading. However, time-dependent material parameters 

cannot be used when the test material is subjected to random-amplitude loading. In this case, material 

parameters must be expressed as functions of a non-time physical/field variable that changes as fatigue 

progresses. Here, we consider APSE as the physical variable that changes as material fatigue progresses.  

As the fatigue process involves a dissipation of strain energy in each cycle of loading due to the 

irreversibility of the micro-plastic deformation, fatigue life can be related to the strain energy [28]. 

According to Lin et al. [29], the total dissipated energy (Wf) during a fatigue cycle can be divided into   

Wf=Wp+Q+Eo+Ek                                                             (2.17) 

 

where Wp is the plastic energy; Q is the thermal energy, Ek is the kinematic energy, and Eo is other 

kind of energy. The kinetic energy and the other kinds of energy tend to zero [30]. Moreover, if the tests 

are done at constant temperature, without the carrying away of heat but with low cycle fatigue loading, 

the thermal energy Q is zero [30]. Thus, the total energy dissipation is 
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Wf=Wp                                                                   (2.18) 

The plastic strain energy of a fatigue cycle is defined by the area bounded by the hysteresis loop in the 

cyclic stress-strain curve [31], as illustrated in Figure 2.1. The plastic strain energy can be calculated by 

simply integrating the stress-strain plot. We used the trapezoidal rule of numerical integration to calculate 

the area. Plastic strain energy of the stabilized cycle or plastic strain energy density (i.e., APSE divided 

by number of fatigue cycles) has been used by many researchers [28-35] for damage evaluation of material 

under low cycle fatigue loading. By considering similar maximum strain amplitude applied during all the 

fatigue tests, where all the tests were done at same strain rate, we assume the APSE value at the failure of 

a specimen to be close for all the test cases. Therefore, the APSE was used as a physical variable for 

fatigue modeling in the random-amplitude test. The material parameters estimated from the variable-

amplitude test are used as function of APSE for APSE-based fatigue modeling 

   

  

Figure 2. 1 Interpretation of plastic strain energy for a fatigue cycle. 
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2.4 FE Implementation of Evolutionary Cyclic Plasticity Model 

 

The cyclic plasticity model was incorporated into the developed FE code for Chaboche-type models 

in the ABAQUS/Standard environment. As ABAQUS uses the backward Euler method [36], it provides 

unconditional stability for integration of rate equations. However, ABAQUS does not allow the use of 

time/cycle-dependent material properties. A user subroutine, called USDFLD (written in Fortran), was 

developed to enable the use of time- or APSE-dependent material properties in the implementation of the 

evolutionary cyclic plasticity model into ABAQUS. The time- and APSE-dependent material properties 

such as elastic modulus, yield stress, and kinematic hardening parameters are provided in the ABAQUS 

input file in tabular form, where the cycle/block numbers or APSE values (calculated at the end of each 

block from variable-amplitude fatigue test results) are assigned under a user-defined field variable. At the 

start of each integration, the USDFLD accesses the current time, from which it calculates current 

cycle/block number in the case of time-based modeling. In the case of APSE-based simulation, it accesses 

a user-defined state variable, where the APSE from the previous time step has been stored. The USDFLD 

then accesses the corresponding material properties from the table provided in the input file. If properties 

are not provided for a value of the user-defined field variable, ABAQUS uses interpolation to calculate 

the material properties. 
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3 Results from Strain-controlled Tensile/Fatigue Test and Material Parameter 
Estimation Models of 316 SS 

 

Strain-controlled uniaxial tensile/fatigue experiments were conducted on 316 SS base metal using 

small hourglass specimens. The experimental data were used to estimate material parameters and to 

validate the evolutionary cyclic plasticity model through analytical and 3D-FE modeling of the fatigue 

experiments. Constant, variable, and random strain amplitudes were employed during the fatigue 

experiments. All the tests were performed in air at 300 °C using a hydraulic-controlled MTS test frame. 

The details of the test setup can be found in a previous Argonne report [24]. Experimental data from a 

previously [37] conducted strain controlled tensile test (ET-T04) in air at 300 °C were also used in this 

work. A constant strain rate of 0.1%/s was used during both the tensile and fatigue experiments. The test 

conditions along with the test IDs are presented in Table 3.1. It should be noted here that the experimental 

results from the constant-amplitude fatigue test ET-F06 were published in our earlier report [22] but are 

presented here since the resulting test data are used for analytical FE model validation, which are discussed 

in the later part of this report. 

 

 

Table 3. 1 Test conditions for 316 SS base metal tensile and fatigue tests. 

Test ID Test Condition 

ET-T04 In air, 300 °C, strain control, tensile test [37] 

ET-F06 In air, 300 °C, strain control, constant amplitude = 0.5%, fatigue test [22] 

ET-F38 In air, 300 °C, strain control, variable amplitude = 0.05% to 0.55%, fatigue test 

ET-F40 
In air, 300 °C, strain control, maximum strain = 0.55%, minimum strain = -0.55%, 

fatigue test 

EN-F41 In air, 300 °C, strain control, constant amplitude = 0.5%, fatigue test 

 

3.1 Tensile Test and Associated Time/Cycle Independent Elastic-Plastic Material Model Results 

 

Figure 3.1 depicts the engineering stress-strain plot (up to 2% strain) estimated from tensile test ET-

T04.  The tensile test data were further analyzed to evaluate fixed material parameters such as tensile 

modulus, elastic stress limit, and the non-linear kinematic hardening parameters (C1 and γ1). These fixed 

material parameters were then used to model all the fatigue test cases discussed in this report. The 

predicted (using analytical and 3D-FE models) stress profiles using tensile test based fixed parameters 

were then compared with the experimental data. The predicted stress profiles were also compared with 

those predicted using time/cycle-dependent material properties. The fixed material parameters estimated 

from ET-T04 test are provided in Table 3.2.   
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Figure 3. 1 Engineering stress-strain curve estimated from ET-T04 tensile test (in air, 300 °C) data for 

316 SS base metal. Data point shows the elastic limit stress and strain. 

 

 

 

Table 3. 2 Time-independent material parameters estimated from tensile test ET-T04 

Elastic modulus (GPa) 
Elastic limit stress used in 

models as yield stress (MPa) 

Nonlinear kinematic hardening parameters 

C1 (MPa) γ1 

167 112 21488 279 

 

 

3.2 Constant-Amplitude Fatigue Test and Associated Cyclic Elastic-Plastic Material Model Results 

 

Two constant-amplitude fatigue tests (ET-F06 and ET-F41) were performed under the same 

conditions. As mentioned in Table 3.1, the applied strain amplitude was 0.5% during the constant-

amplitude fatigue tests. The time histories of the observed stress from fatigue experiments ET-F06 and 

ET-F41 are shown in Figures 3.2 and 3.3, respectively.  The curves show that the material exhibits initial 

cyclic hardening followed by cyclic softening. The maximum hardening stress was 249.8 MPa for ET-

F06 and 244.5 MPa for ET-F41. The difference (5.3 MPa) in the maximum hardening stresses can be 

explained by considering the difference in the stresses after the 1st quarter cycle (162.6 MPa  for ET-F06 

and 158.7 MPa for ET-F41; difference: 3.9 MPa), which represents the initial (i.e., tensile) behavior of 
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the specimen before application of any fatigue/cycle loading.  In both cases, the maximum hardening 

stress was observed at the 53rd cycle. However, there is a big difference in the fatigue lives for the two 

specimens. The fatigue life was 4202 cycles for the ET-F06 specimen and 6918 cycles for the ET-F41 

specimen. The criteria for fatigue life estimation are discussed in Section 7. Considering the intrinsic 

nature of fatigue failure in metallic materials, this difference in fatigue lives under the same loading 

condition is not unexpected. It is due to the usual scatter in material microstructure. Thus, many repeat 

tests are needed to estimate average material properties along with their statistical variations, which need 

to be included in evaluating the lives of the components.     

 

 

 
Figure 3. 2 Observed stress during the entire ET-F06 fatigue test. Data points show stress after 1st 

quarter cycle and the maximum hardening stress and corresponding cycle. 
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Figure 3. 3 Observed stress during the entire ET-F41 fatigue test. Data points show stress after 1st 

quarter cycle and the maximum hardening stress and corresponding cycle.  

 

 

Time/cycle-dependent material properties were estimated from the two constant-amplitude fatigue 

tests (ET-F06 and ET-F41). To evaluate the material properties, equivalent monotonic curves estimated 

from the cyclic stress-strain data (acquired from the ET-F06, ET-F41 fatigue tests) were used (for details 

refer to our earlier work [24]). Figures 3.4 and 3.5 depict the equivalent-monotonic curves estimated from 

the first 50 fatigue cycles of ET-F06 and ET-F41 test, respectively. The stress-strain curve from tensile 

test T-04 is also shown in the figures. It can be seen from the figure that the stress at 0.5% strain increases 

from ~160 MPa to 250 MPa, which again verifies a significant amount of stress hardening/softening 

during the fatigue experiment and hence the importance of the evolutionary cyclic plasticity model for 

more accurate fatigue evaluation of 316 SS. The equivalent-monotonic stress-strain curves were further 

analyzed to estimate the time/cycle-dependent material parameters, such as elastic modulus, elastic limit 

stress (or yield stress), and kinematic hardening parameters (C1and γ1). Section 2 summarizes the 

time/cycle-dependent parameter estimation technique, which was first reported by our research group in 

an earlier report [24].  

 

The estimated parameters are shown in Figures 3.6 to 3.9. Figures 3.6 and 3.7 show the time/cycle 

variation of elastic modulus and elastic limit stress, respectively, whereas Figures 3.8 and 3.9 show the 

nonlinear kinematic hardening parameters C1 and γ1, respectively. As seen in the figures, the material 

parameters vary significantly (particularly the nonlinear kinematic hardening parameters in this case) over 

the fatigue cycles, in contrast to the tensile-test-based fixed parameters (refer to Table 3.2). The variations 

of the cycle-by-cycle material parameters are similar for both test cases (ET-F06 and ET-F41), where the 

differences that do exist are due to the variations in stress between the two tests, as discussed before.  
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Figure 3. 4 Equivalent monotonic stress-strain curves over 50 cycles estimated from ET-F06 fatigue test 

data and comparison with ET-T04 tensile test data. 

 

 
Figure 3. 5 Equivalent monotonic stress-strain curves over 50 cycles estimated from ET-F41 fatigue test 

data and comparison with ET-T04 tensile test data. 
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Figure 3. 6 Time/cycle-dependent elastic modulus estimated from constant-amplitude fatigue tests. 

 

 
Figure 3. 7 Time/cycle-dependent elastic limit stress estimated from constant-amplitude fatigue tests. 
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Figure 3. 8 Time/cycle-dependent nonlinear kinematic hardening parameter, C1 estimated from 

constant-amplitude fatigue tests. 

 
Figure 3. 9 Time/cycle-dependent nonlinear kinematic hardening parameter, γ1 estimated from constant-

amplitude fatigue tests. 
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3.3 Variable-Amplitude Fatigue Test and Associated Cyclic Elastic-Plastic Material Model Results 

 

In our earlier work [22] we found that, although the constant-amplitude fatigue test can be used for 

time-dependent material properties, the estimated properties are sensitive to loading amplitude. To avoid 

the issues of amplitude dependency of material parameters, in our earlier work [26], we estimated material 

parameters for 508 low alloy steel (LAS) based on variable-amplitude fatigue test. In this report, we 

present fatigue test and associated material model results from variable-amplitude fatigue testing of a 316 

SS specimen. The ultimate aim is to develop mechanistic models of real plant components subjected to 

random fatigue loading with different loading amplitudes.  

 

Since it is not possible to perform constant-amplitude fatigue tests for each loading amplitude in a 

loading spectrum and then estimate the material properties for those loading amplitudes as separate 

constant-amplitude cases (as discussed in Section 3.2), we propose to estimate average material 

parameters based on a generic variable-amplitude fatigue test.  Those average parameters then can be used 

for estimating the stress-strain state of a specimen/component subjected to any loading amplitude 

(constant or random) bounded within the loading spectrum and environmental conditions of the proposed 

variable-amplitude fatigue test.  For the purpose, we conducted the ET-F38 variable-amplitude fatigue test 

at 300 oC and in air using a 316 SS specimen. During ET-F38, a repetitive block consists of 12 cycles with 

different amplitudes being applied during the variable-amplitude fatigue experiment. The strain amplitude 

was varied by gradually increasing from a minimum value of 0.05% (selected to fall within the elastic 

limit, see Figure 3.1) to a maximum value of 0.55% and then gradually decreasing to the minimum again. 

Figure 3.10 depicts the applied cyclic strain input within a block during ET-F38. The corresponding time 

history of the measured stress data from ET-F38 is shown in Figure 3.11. As seen in the case of the 

constant-amplitude fatigue test, significant initial stress hardening followed by stress softening was 

observed during ET-F38. The stress-strain hysteresis plot for the 1st block is shown in Figure 3.12. As 

seen in the figure, there are 12 cyclic stress-strain curves within a block. As there are several stress-strain 

cycles with different amplitudes within a block, the estimated time/block-dependent material parameters 

should capture the amplitude dependency of the parameters.  

 

The Section 2 presents the block-dependent material parameter estimation technique. The method 

used for estimating the block-dependent parameters of 508 LAS is reported in [26].  Note that the cycle-

dependent parameters discussed in Section 3.2 are different from the block-dependent parameters 

discussed in this section. The cycle-dependent parameters are estimated to capture the stress-strain state 

of a specimen subjected to single-loading amplitude, whereas the purpose of block-dependent parameters 

is to capture the stress-strain state of a material subjected to multiple loading amplitudes through a single 

test of average parameters at a given time.    

 

An example comparison between experimental and predicted true back stress (using the estimated 

average parameters and analytical Chaboche equation) as a function of true plastic strain for a particular 

block (comprising all 12 cycles within that block) is shown in Figure 3.13. The estimated block-dependent 

elastic-plastic material parameters using ET-F38 test data are plotted in Figures 3.14 to 3.17. Figures 3.14 

and 3.15 show the block variation of the estimated elastic modulus and elastic limit stress, respectively, 

while Figures 3.16 and 3.17 show the block variation of the estimated nonlinear kinematic hardening 

parameters C1 and γ1, respectively.   
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In addition to estimating appropriate elastic-plastic parameters, those parameters need to be described 

as a function of an appropriate field variable, which needs to be estimated by time/cycle/block-dependent 

mechanistic modeling. Among the possible choices for the field variable (that affects the fatigue damage 

process), the time/cycle/block is an obvious choice because of its easy tracking. However, direct tracking 

of the time/cycle/block can only be useful for modeling a test case using the parameters estimated from 

the same test case. As discussed earlier in Section 2, describing material behavior with respect to 

time/cycle/block may not allow selection of an appropriate set of parameters for a modeling test case, if 

the parameters are estimated from a different fatigue test. Hence, the estimated parameters must be 

described with respect to a physical/field variable different from the time/cycle/block.  

 

In this report, we propose a parameter mapping approach based on APSE. The APSE-based modeling 

approach is discussed in detail in Section 2. In this approach, the calculated APSE at the end of a time 

step is used to select the material parameters for predicting the stress-strain in the next step. The material 

parameters estimated from variable-amplitude test ET-F38 were used for APSE-based modeling. Figures 

3.18 to 3.21 show the material parameters estimated from ET-F38 as functions of APSE. These functions 

were used to map the material parameters between the variable-amplitude test and the test being modeled.  

 

 

 
Figure 3. 10 Block loading during variable-amplitude strain-controlled fatigue test (ET-F38). Data 

points show minimum and maximum amplitudes. 
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Figure 3. 11 Observed stress during the entire ET-F38 fatigue test. 

 

 
Figure 3. 12 Observed stress-strain hysteresis behavior during the 1st block (each block comprising 

12 cycles) of ET-F38. 

 

 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal Stratification and an 

Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N Curve: Rev.1 

  August  2018 
 

ANL/LWRS-17/03 Rev. 1 20 

 
Figure 3. 13 Example comparison of experimental true back stress (as a function of true plastic 

strain) and predicted back stress (using kinematic hardening equation and estimated parameters: C1 and 

γ1 pertaining to that block). Black solid line: prediction; Circles: experimental data from 12 fatigue 

cycles of that block. 

 

 

 
Figure 3. 14 Time/block-dependent elastic modulus estimated from variable-amplitude fatigue test (ET-

F38). 
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Figure 3. 15 Time/block-dependent elastic limit stress estimated from variable-amplitude fatigue test 

(ET-F38). 

 

 
Figure 3. 16 Time/block-dependent nonlinear kinematic hardening parameter, C1 estimated from 

variable-amplitude fatigue test (ET-F38). 
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Figure 3. 17 Time/block-dependent nonlinear kinematic hardening parameter, γ1 estimated from 

variable-amplitude fatigue test (ET-F38). 

 

 

 
Figure 3. 18 APSE-dependent elastic modulus estimated from variable-amplitude fatigue test (ET-F38). 

The y-data corresponding to x=0 is ignored in the semi-logx plot.   

 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve: Rev.1 
August  2018 
 

     ANL/LWRS-17/03 Rev. 1 
  

23 

 
Figure 3. 19 APSE -dependent elastic limit stress estimated from variable-amplitude fatigue test (ET-

F38). The y-data corresponding to x=0 is ignored in the semi-logx plot.   

 

 
Figure 3. 20 APSE -dependent nonlinear kinematic hardening parameter, C1 estimated from variable-

amplitude fatigue test (ET-F38). The y-data corresponding to x=0 is ignored in the semi-logx plot.   
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Figure 3. 21 APSE-dependent nonlinear kinematic hardening parameter, γ1 estimated from variable-

amplitude fatigue test (ET-F38). The y-data corresponding to x=0 is ignored in the semilogx plot.   

 

 

3.4 Random-Amplitude Fatigue Test Results 

 

Nuclear reactor structures encounter random complex loading during their service life due to random 

temperature and pressure transients. Thus, developing a fatigue model that can capture material behavior 

under random loading is essential for accurate life prediction of nuclear reactor components. With this in 

mind, we conducted a strain-controlled random-amplitude test fatigue test (ET-F40). The aim of the test 

was to develop a validated model to predict the material stress-strain state under random loading. The 

random test was conducted for validation purposes only. For modeling the random load case, we used the 

parameters estimated based on the variable loading test ET-F38. The respective analytical and 3D-FE 

modeling results will be discussed in Sections 4 and 5. Here we discuss a few results directly related to 

the fatigue test.  

 

During the random-amplitude fatigue test (ET-F40), a repetitive block of random strain inputs was 

applied to the specimen. The applied random strain input within a block is shown in Figure 3.22. As seen 

from the figure, the strain inputs were bounded with a maximum/minimum strain amplitude of ±0.55%, 

the same as the bounded strain inputs for the variable-amplitude test (ET-F38). The in-between strain 

inputs were selected based on a MATLAB-based random number generator. The observed stress history 

for the entire test ET-F40 is shown in Figure 3.23. As seen in the figure, there was substantial initial stress 

hardening followed by stress softening for the 316 SS under the random-amplitude strain-controlled test. 

Similar behavior was observed for the constant-amplitude (ET-F06 and ET-F41) and variable-amplitude 

(ET-F38) strain-controlled tests. To better check the randomness of the applied strain, Figure 3.24 presents 

a magnified (in time axis) plot of strain vs. time. The corresponding observed stress and hysteresis plots 
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are shown in Figures 3.25 and 3.26, respectively. As seen in Figure 3.26, there are many small hysteresis 

loops inside the big hysteresis loop. However, these loops are not symmetric about the x- and y-axes, as 

observed for the variable-amplitude test case (see Figure 3.12). Thus, modeling fatigue behavior under 

random-amplitude loading is a complex problem. 

 

 
Figure 3. 22 Block loading during random-amplitude strain-controlled fatigue test (ET-F40). 

 

 
Figure 3. 23 Observed stress during the entire ET-F40 fatigue test. 
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Figure 3. 24 Magnified plot of applied strain during ET-F40. 

 

 
Figure 3. 25 Magnified plot of observed stress (corresponding to strain shown in Figure 3.24) during 

ET-F40. 
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Figure 3. 26 Example hysteresis plot of stress (shown in Figure 3.25) and strain (shown in Figure 

3.24) during ET-F40. 
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4 Results from Analytical Modeling of Constant, Variable, and Random Load Strain-
controlled Fatigue Tests 

 

Our evolutionary cyclic plasticity model along with related material parameter estimation technique 

is described in Section 2. Section 2 also describes a time- and APSE-based material parameter mapping 

approach during modeling of the fatigue tests. A time-based approach can be used when a constant- or 

variable-amplitude loading is applied but cannot be used to model fatigue behavior under random loading. 

To solve this issue, a more versatile approach based on APSE is proposed. The APSE-based modeling can 

be used to model fatigue behavior under any loading condition (constant, variable, or random). In this 

section, results from time-based analytical modeling of constant-amplitude (ET-F06 and ET-F41) and 

variable-amplitude (ET-F38) tests are presented. Results from APSE-based analytical modeling of 

constant, variable, and random (ET-F40) amplitudes are also presented. Note that, for the APSE-based 

modeling, the material parameters estimated from the variable-amplitude test (ET-F38) were used for 

predicting the different test cases. All the tests were also modeled by using fixed material parameters 

estimated from the tensile test (ET-T04) and parameters at the half-life of the fatigue test specimen. All 

the fixed, time-dependent, and APSE-dependent material parameters are presented in Section 3. 

 

4.1 Results from Time-Based Analytical Models 

4.1.1 Constant-Amplitude Fatigue Test    

 

Figure 4.1 presents experimentally observed and analytically modeled stress results for the constant-

amplitude fatigue test ET-F41. The figure shows predicted stress using time/cycle-dependent material 

parameters estimated from ET-F41 and two sets of time-independent or fixed parameters estimated from 

the tensile test ET-T04 and the half-life cycle of ET-F41. Three magnified versions of Figure 4.1 are 

shown in Figures 4.2 to 4.4, representing various important stages of material behavior during the 

specimen’s fatigue life.  

 

Figure 4.2 represents the initial hardening behavior of the material. The data indicate that the 

evolutionary cyclic plasticity model based on time/cycle-dependent material properties predicted the 

material hardening behavior with excellent accuracy, but that the model based on time-independent 

material properties estimated from tensile test ET-T04 and half-life cycle of ET-F41 test did not predict 

the material hardening behavior. Note that the tensile-test-based material parameter predicts this behavior 

well only up to the 1st quarter cycle, as expected. The experimental condition up to the 1st quarter cycle is 

similar to a tensile test, and after that a reverse loading is applied, and material behavior is more influenced 

by cyclic-loading-related reversals.  

 

Figure 4.3 represents the softening behavior (after initial hardening) followed by stabilized cycles. As 

seen in the curves, the evolutionary cyclic plasticity model predicts both softening and stabilized cycle 

behavior of the material well. The prediction of stabilized cycles is found be good when half-life material 
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properties are used. This finding is expected as the half-life cycle falls in the stabilized region, and material 

behavior does not change significantly in this region.  

 

Figure 4.4 represents the most important stage of a specimen in the context of fatigue life and final 

failure of a specimen. In this stage, stress drops at a high rate, and eventually, the specimen breaks in a 

way characteristic of unstable or rapid crack propagation. An accurate prediction of this stage is essential 

to determine the life of the specimen and, therefore, the life times of the components. Figure 4.4 also 

shows that the evolutionary cyclic plasticity model can accurately predict the last and most important stage 

of material behavior under constant-amplitude fatigue loading. 

 

Similarly, another constant-amplitude fatigue test (ET-F06) was analytically modeled with the 

time/cycle-dependent material parameters estimated from ET-F06 and two sets of time-independent or 

fixed parameters estimated from the tensile test ET-T04 and the half-life cycle of ET-F06. The 

experimental and simulated stress is compared in Figure 4.5. As was the case for modeling the ET-F41 

test, the evolutionary cycle plasticity model based on time/cycle-dependent material parameters can 

accurately predict all the stages of material behavior during the fatigue life of the specimen. 

  

 

Figure 4. 1  Simulated (analytical) vs experimental axial stress history of ET-F41. Predictions are from 

simulation using time/cycle-dependent parameters (ET-F41) and two sets of time-independent 

parameters (tensile test ET-T04 and half-life cycle of ET-F41). 
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Figure 4. 2  Magnified version of Figure 4.1 showing the ability of evolutionary cyclic plasticity 

model (time/cycle-dependent prediction) to predict initial hardening behavior of 316 SS under constant-

amplitude loading. 

 

Figure 4. 3  Magnified version of Figure 4.1 showing the ability of evolutionary cyclic plasticity 

model (time/cycle-dependent prediction) to predict softening behavior of 316 SS under constant-

amplitude loading. 
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Figure 4. 4  Magnified version of Figure 4.1 showing the ability of evolutionary cyclic plasticity 

model (time/cycle-dependent prediction) to predict the fast stress drop toward the end of the fatigue life 

of specimen, representing unstable or rapid crack propagation, under constant-amplitude loading. 

 

Figure 4. 5  Simulated (analytical) vs experimental axial stress history of ET-F06. Predictions are 

from simulation using time/cycle-dependent parameters from ET-F06 test and two sets of time-

independent parameters (tensile test ET-T04 and half-life cycle of ET-F06). 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal Stratification and an 

Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N Curve: Rev.1 

  August  2018 
 

ANL/LWRS-17/03 Rev. 1 32 

4.1.2 Variable-Amplitude Fatigue Test    

 

Time-based analytical modeling of the variable-amplitude fatigue test (ET-F38) was done with 

time/block-dependent material properties estimated from this test. The ET-F38 test was also analytically 

modeled using two sets of time-independent or fixed parameters estimated from the tensile test ET-T04 

and the half-life block of ET-F38. The experimental and simulated stress is compared in Figure 4.6. 

Magnified versions of Figure 4.6 are shown in Figures 4.7 to 4.9. These magnified figures represent 

various stages of material behavior, such as initial hardening, softening and stabilized cycles, and rapid 

crack propagation and failure, respectively, during the specimen’s fatigue life. As seen in the case of 

constant-amplitude tests (discussed in Section 4.1.1), the evolutionary cycle plasticity model based on 

time/cycle-dependent material parameters can accurately predict all the stages of material fatigue behavior 

under variable-amplitude fatigue loading. The experimental and simulated hysteresis stress-strain plots of 

12 cycles within the 1st block are shown in Figure 4.10 to demonstrate the importance of the time/block-

dependent material parameters. As discussed earlier, the time/block-dependent parameters are amplitude 

independent and will be used as generic/baseline parameters for predicting the stress-strain state of 

material subjected to an arbitrary loading profile such as random loading; example results will be 

discussed in the later part of Section 4. 

 

 

Figure 4. 6  Simulated (analytical) vs experimental axial stress history of ET-F38. Predictions are 

from simulation using time/block-dependent parameters (ET-F38) and two sets of time-independent 

parameters (tensile test ET-T04 and half-life block of ET-F38). 
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Figure 4. 7  Magnified version of Figure 4.6 showing the ability of evolutionary cyclic plasticity 

model (time/block-dependent prediction) to predict initial hardening behavior of 316 SS under variable-

amplitude loading. 

 

Figure 4. 8  Magnified version of Figure 4.6 showing the ability of evolutionary cyclic plasticity 

model (time/ block -dependent prediction) to predict softening behavior of 316 SS under variable-

amplitude loading. 
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Figure 4. 9  Magnified version of Figure 4.6 showing the ability of evolutionary cyclic plasticity 

model (time/ block -dependent prediction) to predict the fast stress drop toward the end of the fatigue 

life of specimen, representing unstable or rapid crack propagation, under variable-amplitude loading. 

 

Figure 4. 10  Simulated (analytical) vs experimental hysteresis curves of 1st block (with 12 variable-

amplitude cycles) of ET-F38. Predictions are from simulation using time/block-dependent parameters 

and two sets of time-independent parameters (tensile test ET-T04 and half-life block of ET-F38). 
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4.2 Results from Accumulated Plastic Strain Energy (APSE)-Based Analytical Models  

 

4.2.1 Constant-Amplitude Fatigue Test    

 

Constant-amplitude fatigue tests (ET-F41 and ET-F06) were analytically modeled with the 

evolutionary cyclic plasticity model and APSE-dependent material parameters. The predicted stress 

profile from the simulation was compared with the experimentally observed stress profiles from both ET-

F41 and ET-F06. The comparison plots are shown in Figures 4.11 and 4.12 for ET-F41 and ET-F06, 

respectively. Note that the amplitude condition was the same for both tests, and thus, the predicted (not 

the experimental/observed) stress profiles in Figures 4.11 and 4.12 are the same. As seen in the figures, 

the simulated stress profile exhibits all the characteristic behavior (initial hardening followed by softening 

and stabilized cycles and rapid crack propagation toward the end of fatigue life) of 316 SS under fatigue 

load. However, the APSE-based prediction is not as close to the experimental data as the time-based 

prediction. For example, the maximum hardening stress occurs at the 53rd cycle for ET-F06 and ET-F41, 

while it occurs at the 75th cycle in the simulated results. However, the predicted fatigue life from the 

simulation was found to be 5860 cycles, which is between experimentally observed fatigue lives for the 

two experiments (6914 cycles for ET-F41 and 4202 cycles for ET-F06). Section 4.3 provides a comparison 

between the time- and APSE-based analytical modeling predictions.  

 

For the time-based modeling, the material parameters were estimated from the same test, and therefore, 

the prediction was very close to the experimental data. By contrast, the material parameters used for 

APSE-based modeling were estimated from a different test (variable-amplitude test ET-F38), and thus, 

prediction was not as accurate as for the time-based model. However, considering the variation in 

experimentally observed fatigue lives between the two constant-amplitude tests with the same conditions, 

the APSE-based prediction is not bad at all. Moreover, APSE-based modeling provides the robustness of 

predicting material behavior under any type of amplitude loading, including random. As mentioned 

earlier, there is a limitation and difficulties in selecting time/cycle/block-dependent parameters for a test 

case from the parameters estimated from a different fatigue test with different time scale.  
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Figure 4. 11  Simulated (analytical) vs experimental axial stress history of ET-F41. Prediction is 

from simulation using APSE-dependent material parameters estimated from variable-amplitude test (ET-

F38). 

 

 

Figure 4. 12  Simulated (analytical) vs. experimental axial stress history of ET-F06. Prediction is 

from simulation using APSE-dependent material parameters estimated from variable-amplitude test (ET-

F38). 
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4.2.2 Variable-Amplitude Fatigue Test    

 

Figure 4.13 compares the experimental stress history observed from the variable-amplitude test ET-

F38 and the analytically simulated stress using the evolutionary cyclic plasticity model and the APSE-

dependent material parameters. As seen from the figure, APSE-based analytical modeling can predict the 

behavior of 316 SS under variable-amplitude loading with good accuracy. The comparison between 

experimentally observed and predicted life is discussed in Section 4.3. 

 

 

Figure 4.13  Simulated (analytical) vs. experimental axial stress history of ET-F38. Prediction is 

from simulation using APSE-dependent material parameters estimated from variable-amplitude test (ET-

F38). 

 

4.2.3 Random-Amplitude Fatigue Test    

 

The random-amplitude fatigue test ET-F40 was analytically modeled using the evolutionary cyclic 

plasticity model and the APSE-dependent material properties estimated from variable-amplitude fatigue 

test ET-F38. The predicted and experimentally observed stress history is compared in Figure 4.14. Also 

plotted are results from analytical modeling using fixed material parameters estimated from tensile test 

ET-T04. The figure shows that the APSE-based evolutionary cyclic plasticity model can accurately predict 
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the stress profile of the material under random-amplitude loading, but that the Chaboche model based on 

fixed material properties cannot predict the overall hardening and softening behavior. A magnified version 

of Figure 4.14 is shown in Figure 4.15. The experimental and predicted stresses shown in this figure 

correspond to the strain input shown in Figure 3.24 (see Section 3.4). The corresponding stress-strain 

hysteresis plots are shown in Figure 4.16. Figures 4.15 and 4.16 depict the complexity in the stress-strain 

variation during random loading and the great accuracy of the APSE-based modeling in predicting 

material behavior under this loading. The comparison between the experimentally observed and predicted 

life is discussed in Section 4.3. 

 

 

Figure 4.14  Simulated (analytical) vs. experimental axial stress history of ET-F40. Predictions are 

from simulation using APSE-dependent material parameters estimated from variable-amplitude test (ET-

F38) and fixed parameters estimated from tensile test (ET-T04). 
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Figure 4.15  Magnified version of Figure 4.14. Experimental and predicted stress corresponds to 

applied strain shown in Figure 3.24. 

 

Figure 4.16  Simulated (analytical) vs. experimental hysteresis plot of stress shown in Figure 4.15 

and strain shown in Figure 3.24. 
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4.3 Summary of Analytical Modeling Results 

 

Results from the analytical modeling are summarized here to provide an overall picture of the 

predicted results and to compare with the experimental results. Table 4.1 compares the experimentally 

observed maximum hardening stresses during all the fatigue tests with those predicted through time- and 

APSE-based analytical modeling. As seen from the table, predicted maximum hardening stress is more 

than 90% accurate for all the fatigue test cases. However, the time-based prediction is more accurate in 

general, as the material parameters used for modeling were estimated from the same test. 

 

Table 4. 1 Experimentally observed and predicted (analytical modeling) maximum hardening stress. 

Test 

ID 

Amplitude 

type 

Experimental 

observation 

Analytical Modeling 

Time-based prediction APSE-based prediction 

Stress (MPa) 
Stress 

(MPa) 

Accuracy 

(%) 

Stress 

(MPa) 

Accuracy 

(%) 

F06 Constant 250.0 254.5 98.2 

235.8 95.2# 

F41 Constant 245.5 252.2 97.3 

F38 Variable 234.9 238.9 98.3 240.4 97.7 

F40 Random 223.5 N/A* N/A* 238.3 93.4 

# An average experimental maximum hardening stress (247.8 MPa) based on observation from ET-F06 and ET-F41 tests 

is used to calculate the accuracy in predicted maximum hardening stress.  

* Time-based modeling is not possible for random-amplitude loading. 

 

To determine the fatigue lives of the specimen, a failure criterion is required. As all the tests were 

performed uniaxially and under strain control, a drop in uniaxial stress in the direction of applied strain 

was used for determining a failure criterion for the fatigue tests. Conventionally, a 25% load-drop from 

the maximum load is used as a failure criterion of fatigue specimens. The experimentally observed 

maximum stress and failure stress values according to the 25% load drop criterion are given in Table 4.2. 

The table also provides experimental observations during fatigue testing. As mentioned in Table 4.2, the 

ET-F06 and ET-F38 specimens broke into two pieces before the stress dropped to 25% load-drop stress. 

Furthermore, the ET-F06 specimen broke as early as the stress dropped to 199.5 MPa. Thus, a stress drop 

to 200 MPa was used as failure criterion for all the strain-controlled fatigue tests.  
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Table 4. 2 Determination of failure criteria for simulation results. 

Test 

ID 

Amplitude 

type 

Experimental 

maximum 

stress (MPa) 

Failure stress 

(MPa) 

according to 

25% load-drop 

criteria 

Experimental observation 

Stress value 

used as 

failure 

criteria 

F06 Constant 250 187.5 
Stress at breaking point: 199.5 MPa 

(specimen broke into 2 pieces) 

200 MPa 

F41 Constant 245.5 184.1 
Stress continued to drop below 

184.1 MPa without breaking into 2 

pieces 

F38 Variable 234.9 176.2 
Stress at breaking point: 175.2 MPa 

(specimen broke into 2 pieces) 

F40 Random 223.5 167.6 
Stress continued to drop below 

167.6 MPa without breaking into 2 

pieces 

 

 

The experimental and predicted fatigue lives for all the fatigue tests and analytical modeling cases are 

provided in Table 4.3. As seen from the table, the Chaboche model based on time-independent or fixed 

material parameters predicts infinite fatigue life for all cases. The evolutionary cyclic plasticity model 

predicts the fatigue life of the specimen with an accuracy of more than 90%. The accuracy in predicted 

life based on time-dependent material parameters is almost 100% for both constant- and variable-

amplitude fatigue tests as the material parameters were estimated from same test. Because the time-based 

approach cannot be used for predicting material behavior under random-amplitude loading, the APSE-

based approach was used. The predicted fatigue life for the random-amplitude fatigue test was surprisingly 

accurate (94.7%).    
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Table 4. 3 Experimental and predicted (analytical modeling) fatigue lives. 

Test 

ID 

  

Amplitude 

type 

  

Fatigue 

life unit  

Experiment 

Analytical Modeling 

Fixed 

properties 

(tensile/half-

life) 

Time-based APSE-based 

Observed 

life 
Predicted life 

Predicted 

Life 

Accuracy 

(%) 

Predicted 

life 

Accuracy 

(%) 

ET- 

F06 
Constant Cycles 4202 ∞ 4200 100.0 

5860 94.6# 

ET- 

F41 
Constant Cycles 6914 ∞ 6932 99.7 

ET- 

F38 
Variable Blocks 1179 ∞ 1180 99.9 1090 92.5 

ET- 

F40 
Random Time (s) 215900 ∞ N/A* N/A* 204400 94.7 

# An average experimental life (5558 cycles) based on observation from ET-F06 and ET-F41 tests is used to calculate the 

accuracy in predicted life.  

* Time-based modeling is not possible for random amplitude loading 
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5 Results from FE Modeling of Strain-controlled Fatigue Tests 
 

One of our major tasks in mechanics-based fatigue modeling is to develop an FE model framework 

based on the previously discussed evolutionary cyclic plasticity model. The FE model framework can then 

be used for extrapolating material behavior based on uni-axial tests to a multi-axial domain for stress 

analysis and fatigue evaluation of realistic reactor components, which are ideally subjected to multi-axial 

loading. Compared to the conventional FE model, the evolutionary cyclic plasticity FE model would be 

able to predict the cyclic hardening and softening behavior of a component. It is assumed that, similar to 

the conventional tensile-test-based FE model, which is extensively used by industry for stress analysis of 

metallic components subjected to monotonic loading transients, the new FE model would be able to 

simulate a component subjected to cyclic loading. Also similar to the tensile-test-based FE model, it is 

assumed that the translation from a uni-axial to multi-axial fatigue-test-based model is isotropic and based 

on the assumption that the metallic components are homogeneous, with material behavior being similar 

in all directions. However, before the new FE model can be used for component-level stress analysis, the 

FE framework must be validated with experimental test cases.  

 

We used a commercially available FE software, ABAQUS, for FE implementation of the proposed 

evolutionary cyclic plasticity model. The FE implementation technique is discussed in Section 2, and 

results from time- and APSE-based FE simulations are presented here. A single 3D 8-node brick element 

representing the gauge section (0.5 in.) was used for FE simulation of the fatigue experiments. A single 

element was used to reduce the computational time for simulating thousands of fatigue cycles. However, 

we assume that if the basic modeling technology is available, it would not be difficult to model a real-life 

component in an age of exascale supercomputing. Nevertheless, the first priority in this work is to validate 

the proposed evolutionary plasticity FE model by the 3D-FE modeling of the earlier discussed fatigue test 

specimens. In the new FE model, the cross-section of the 3D brick element (hexahedral: 8-node linear 

brick element: C3D8) was considered equal to the nominal cross-section of the specimen.  

 

The geometry of the fatigue specimen and the 3D ABAQUS model are shown in Figures 5.1 and 5.2, 

respectively. Simulations representing strain-controlled fatigue tests with constant, variable, and random 

amplitudes were performed by applying corresponding deformation in the z-direction, as shown by the 

arrows in Figure 5.2. An example simulated axial-stress profile at a given instant for a general fatigue test 

simulation is shown Figure 5.3.    
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Figure 5. 1 Geometry of fatigue test specimen. 

 

     

 

Figure 5.2 Three-dimensional 8-node brick element used for FE simulation of fatigue experiment in 

ABAQUS. 
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Figure 5.3 An example simulated stress profile at a given instant during fatigue test simulation. 

 

5.1 Results from Time-Based 3D-FE Models  

 

5.1.1 Constant-Amplitude Fatigue Test    

 
We performed three 3D-FE simulations representing the ET-F41 fatigue experiment using time/cycle-

dependent and time-independent material properties. Figure 5.4 compares the experimentally observed 

and simulated stress for the first 100 cycles. The  figure shows predicted stress using time/cycle-dependent 

material parameters estimated from ET-F41 and two sets of time-independent or fixed parameters 

estimated from tensile test ET-T04 and the half-life cycle of ET-F41. A magnified version of Figure 5.4 

is shown in Figure 5.5. It can be seen from the figures that the evolutionary cyclic plasticity model based 

on time/cycle-dependent material properties can accurately predict the material hardening behavior, while 

the model based on time-independent material properties estimated from ET-T04 and half-life cycle of 

ET-F41 could not predict the material hardening behavior.  The ABAQUS model was then simulated for 

the entire life of the fatigue specimen in the FE model framework. The 3D-FE simulated axial stress along 

with the experimentally observed stress for the entire life of the specimen is shown in Figure 5.6. A 

magnified version of Figure 5.6, demonstrating initial stress hardening and then softening followed by 

stabilized cycles, is shown in Figure 5.7. These figures demonstrate that the evolutionary cyclic plasticity 

model predicts not only the stress hardening but also the stress softening with significant accuracy. The 

model also predicts the stabilized cycles, which represent a quasi-stable state during fatigue. Most 
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importantly, as shown in Figure 5.8, it accurately predicts the fast stress drop toward the end of the fatigue 

life of the specimen, which represents unstable or rapid crack propagation.  

 

Results from the 3D-FE simulation of the constant-amplitude fatigue test ET-F06 are shown in Figure 

5.9. As seen in the case of ET-F41, the evolutionary cyclic plasticity FE model using time/cycle-dependent 

material properties can accurately predict the material behavior during ET-F06.  

 

 

Figure 5.4  3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress of 

ET-F41 specimen for first 100 cycles. Predictions are from simulation using time/cycle-dependent 

parameters (ET-F41) and two sets of time-independent parameters (tensile test ET-T04 and half-life 

cycle of ET-F41). 
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Figure 5.5 Magnified version of Figure 5.4. 

 

 

Figure 5.6 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress of 

ET-F41 specimen for whole fatigue life. 
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Figure 5.7 Magnified version of Figure 5.6 showing that the 3D-FE results can predict material 

behavior during initial stress hardening, softening, and stabilized cycles under constant-amplitude 

loading. 

 

Figure 5.8 Magnified version of Figure 5.6 showing that the 3D-FE results can predict material 

behavior during rapid crack propagation and failure under constant-amplitude loading. 
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.  

Figure 5.9 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress of 

ET-F06 specimen for whole fatigue life. 

 

5.1.2 Variable-Amplitude Fatigue Test    

 
We performed 3D-FE simulations of variable-amplitude fatigue test ET-F38 using time/block-

dependent material properties and time-independent material properties. The simulated stress profiles 

(first 50 blocks) are compared with the experimentally observed stresses in Figure 5.10. As seen in the 

case of constant-amplitude fatigue tests, the evolutionary cyclic plasticity model can accurately predict 

the material behavior under variable-amplitude loading using the block-dependent material properties. By 

contrast, the FE model using time-independent fixed parameters does not predict the material behavior 

well. The entire fatigue life of the ET-F38 specimen was simulated using the block-dependent material 

properties. The 3D-FE simulated axial stress along with experimentally observed stress for the entire 

fatigue life of ET-F38 specimen is shown in Figure 5.11. Different magnified versions of Figure 5.11 are 

also shown in Figures 5.12 and 5.13.  

 

As seen from Figures 5.12 and 5.13, the 3D-FE simulated stress profile exhibits all the characteristic 

fatigue life stages (initial hardening, softening, stabilized cycles, and rapid crack propagation followed by 

failure) and is close to the experimentally observed stresses. The experimental and FE simulated maximum 

hardening stresses and fatigue lives are compared in Section 5.3. 
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Figure 5.10 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress of 

ET-F38 specimen for first 50 blocks. Predictions are from simulation using time/block-dependent 

parameters (ET-F38) and two sets of time-independent parameters (tensile test ET-T04 and half-life 

block of ET-F38). 
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Figure 5.11 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress 

history of ET-F38 specimen for whole fatigue life. 

 

Figure 5.12 Magnified version of Figure 5.11 showing that the 3D-FE results can predict material 

behavior during initial stress hardening, softening, and stabilized cycles under variable-amplitude 

loading. 
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Figure 5.13 Magnified version of Figure 5.11 showing that the 3D-FE results can predict material 

behavior during rapid crack propagation and failure under variable-amplitude loading. 

 

5.2 Results from APSE-Based 3D-FE Models  

 

5.2.1 Constant-Amplitude Fatigue Test    

 

The constant-amplitude fatigue tests ET-F41 and ET-F06 were 3D-FE modeled by using the ET-F38 

material parameters as a function of APSE. The predicted axial stress profile from the 3D-FE simulation 

was compared with the experimentally observed stress profiles from ET-F41 and ET-F06. Comparison 

plots are shown in Figures 5.14 and 5.15 for ET-F41 and ET-F06, respectively. Note that the amplitude 

condition was the same for both tests, and thus the predicted stress profiles shown in Figures 5.14 and 

5.15 are the same, but the experimental stress profiles are different. As seen from the figures, the simulated 

stress profile exhibits all the characteristic behavior (initial hardening followed by softening and stabilized 

cycles and rapid crack propagation toward the end of fatigue life) of 316 SS under constant-amplitude 

fatigue load. However, the APSE-based prediction is not as close to the experimental data as the time-

based prediction. For example, the maximum hardening stress occurs at the 53rd cycle during experiments 

(ET-F06 and ET-F41) but at the 69th cycle in the 3D-FE results. In addition, the predicted fatigue life from 

the simulation was found to be 6151 cycles, which is between the experimentally observed fatigue lives 
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from the two experiments (6914 cycles for ET-F41 and 4202 cycles for ET-F06).  See Section 5.3 for a 

complete comparison between the time-based and APSE-based 3D-FE predictions.  

 

For the time-based modeling, the material parameters were estimated from the same test, and therefore, 

the prediction was very close to experimental data. By contrast, the material parameters used for APSE-

based modeling were estimated from a different test (variable-amplitude test ET-F38), and thus, the 

prediction was not as accurate as for time-based modeling. However, considering the variation in 

experimentally observed fatigue lives between two constant-amplitude tests with the same condition, the 

APSE-based prediction was not bad at all. Moreover, APSE-based modeling provides the robustness of 

predicting material behavior under any type of amplitude loading, including random. The APSE-based 

3D-FE modeling of random-amplitude test ET-F40 is discussed in Section 5.2.3.  

 

 

Figure 5.14 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress 

history of ET-F41 specimen for whole fatigue life. Prediction is from simulation using APSE-dependent 

material parameters estimated from variable-amplitude test (ET-F38). 
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Figure 5.15 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress 

history of ET-F06 specimen for whole fatigue life. Prediction is from simulation using APSE-dependent 

material parameters estimated from variable-amplitude test (ET-F38). 

 

5.2.2 Variable-Amplitude Fatigue Test    

 
Figure 5.16 compares the experimental stress history observed from the variable-amplitude test ET-

F38 and the 3D-FE simulated stress using the evolutionary cyclic plasticity model and the APSE-

dependent material parameters. As seen from the figure, the simulated stress profile exhibits all the 

characteristic behavior (initial hardening followed by softening and stabilized cycles and rapid crack 

propagation toward the end of fatigue life) of 316 SS under variable-amplitude fatigue load. The accuracy 

of the prediction in terms of maximum hardening stress and fatigue life will be discussed Section 5.3. 

 

 

 

 

 

 

 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve: Rev.1 
August  2018 
 

     ANL/LWRS-17/03 Rev. 1 
  

55 

 

 
Figure 5.16 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress 

history of ET-F38 specimen for whole fatigue life. Prediction is from simulation using APSE-dependent 

material parameters estimated from variable-amplitude test (ET-F38). 

 

 

5.2.3 Random-Amplitude Fatigue Test    

 
The random-amplitude fatigue test ET-F40 was 3D-FE modeled with the evolutionary cyclic plasticity 

model and the APSE-dependent material parameters estimated from variable-amplitude fatigue test ET-

F38. The ET-F40 test was also 3D-FE modeled with fixed material parameters estimated from tensile test 

ET-T04. The 3D-FE simulated axial stress profiles for the 1st block (see Figure 3.22 for block strain input) 

along with the experimentally observed stress history is shown in Figure 5.17. The figure shows that the 

APSE-based evolutionary cyclic plasticity model can accurately predict material behavior during initial 

stress hardening and following stress softening, whereas the model based on fixed material properties 

cannot. A magnified version of Figure 5.17 is shown in Figure 5.18. The experimental and predicted 

stresses shown in this figure correspond to the strain input in Figure 3.24 (see Section 3.4). The 

corresponding stress-strain hysteresis plots are shown in Figure 5.18. Figures 5.18 and 5.19 depict the 

intricacy in the stress-strain variation during random loading. Despite this variation, the FE model 

prediction of stress response is reasonably good. For this test case, the FE simulation of the entire test was 

performed with APSE-dependent material properties only. The 3D-FE simulated axial stress along with 
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experimentally observed stress for the entire fatigue life of the ET-F40 specimen is shown in Figure 5.20. 

As seen from this figure, APSE-based 3D-FE modeling can predict the behavior of 316 SS under random-

amplitude loading with good accuracy. The experimentally observed and predicted life from 3D-FE 

simulation is discussed in Section 5.3. 

 

 

 

Figure 5.17 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress of 

ET-F40 specimen during 1st block (block period = 4251 s) loading. Predictions are from simulation 

using APSE-dependent material parameters estimated from variable-amplitude test (ET-F38) and fixed 

parameters estimated from tensile test (ET-T04). 
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Figure 5.18  Magnified version of Figure 5.17. Experimental and predicted stress correspond to 

applied strain shown in Figure 3.24. 
 

 

Figure 5.19 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental hysteresis plot 

of stress shown in Figure 5.18 and strain shown in Figure 3.24. 
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Figure 5.20 3D-FE simulated (evolutionary cycle plasticity model) vs. experimental axial stress 

history of ET-F40 specimen for whole fatigue life. Prediction is from simulation using APSE-dependent 

material parameters estimated from variable-amplitude test (ET-F38). 

 

5.3 Summary of FE Modeling Results and Comparison with Analytical Modeling Results 

 

Results from the 3D-FE modeling are summarized here to provide an overall picture of the predicted 

results and to compare them with the experimental results and analytical modeling results. Table 5.1 

compares the experimentally observed maximum hardening stresses during all the fatigue tests with those 

predicted through time-based and APSE-based 3D-FE modeling. As seen from the table, the maximum 

hardening stress predicted through 3D-FE simulation is more than 90% accurate for all the fatigue test 

cases. However, the time-based prediction is more accurate, in general, as the material parameters used 

for modeling were estimated from the same test. Similar results were also found from analytical modeling 

of the fatigue tests (see Table 4.1 in Section 4.3) 
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Table 5. 1 Experimentally observed and predicted (3D-FE modeling) maximum hardening stress. 

Test 

ID 

Amplitude 

type 

Experimental 

observation 

FE Modeling 

Time-based prediction APSE-based prediction 

Stress (MPa) 
Stress 

(MPa) 

Accuracy 

(%) 

Stress 

(MPa) 

Accuracy 

(%) 

ET-F06 Constant 250.0 252.6 99.0 

240.8 96.3 

ET-F41 Constant 245.5 251.2 97.7 

ET-F38 Variable 234.9 241.6 97.1 241.5 97.1 

ET-F40 Random 223.5 N/A* N/A* 240.7 92.3 

# An average experimental maximum hardening stress (247.8 MPa) based on ET-F06 and ET-F41 tests is used to calculate 

the accuracy in predicted maximum hardening stress.  

* Time-based modeling is not possible for random amplitude loading.  

 

In this work, stress drop to 200 MPa was used as the failure criterion for determining the fatigue lives 

of the specimens. See Section 4.3 for a discussion of the failure criterion. The experimental and predicted 

lives for all fatigue tests and the 3D-FE modeling cases are given in Table 5.2. As seen from the table, the 

3D-FE simulation based on evolutionary cyclic plasticity model predicts the fatigue life of the specimen 

with an accuracy more than 89%. By contrast, the 3D-FE model based on time-independent or fixed 

material parameters predicts infinite fatigue life for all cases. The accuracy in predicted life from time-

based 3D-FE simulation (i.e., using time-dependent material properties) is almost 100% for both constant- 

and variable-amplitude fatigue tests as the material parameters were estimated from the same test. Similar 

results were also found from time-based analytical modeling results (see Table 4.3 in Section 4.3). Table 

5.3 compares the fatigue lives predicted through APSE-based analytical and 3D-FE modeling for all the 

different-amplitude fatigue cases. Fatigue lives determined from experimental data are also provided in 

the table. As seen from the table, the FE modeling results are very close to the analytical modeling results. 

Note that the analytical models are mathematical models that have a closed-form solution, while the FE 

method uses a numerical technique to obtain an approximate solution through discretization. However, 

despite the approximate solution method the FE modeling predicts fatigue lives of the specimen with 

excellent accuracy. Moreover, FE modeling is required to perform component- or system-level modeling, 

while analytical modeling can only be done for laboratory specimens.  
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Table 5. 2 Comparison between experimental and predicted (3D-FE modeling) fatigue lives. 

Test 

ID 

  

Amplitude 

type 

  

Fatigue 

life unit  

Experiment 

FE Modeling 

Fixed 

properties 

(tensile/half-

life) 

Time-based APSE-based 

Observed 

life 
Predicted life 

Predicted 

Life 

Accuracy 

(%) 

Predicted 

Life 

Accuracy 

(%) 

ET- 

F06 
Constant Cycles 4202 ∞ 4200 100.0 

6151 89.3# 

ET- 

F41 
Constant Cycles 6914 ∞ 6925 99.8 

ET- 

F38 
Variable Blocks 1179 ∞ 1180 99.9 1091 92.5 

ET- 

F40 
Random Time (s) 215900 ∞ N/A N/A 204947 94.9 

* Time-based modeling is not possible for random amplitude loading. # APSE-based FE simulation was not performed for 

ET-F38 test. 

# An average experimental life (5558 cycles) based on observation from ET-F06 and ET-F41 tests is used to calculate the 

accuracy in predicted life. 

 

 

Table 5. 3 Comparison of APSE-based predicted fatigue lives between analytical modeling and 3D-

FE modeling results. 

Fatigue test 

type 

(amplitude) 

Fatigue 

life unit  

Experimental Analytical modeling FE modeling 

Observed life 
Predicted 

life 

Accuracy 

(%) 

Predicted 

Life 

Accuracy 

(%) 

Constant Cycles 5558* 5860 94.6 6151 89.3 

Variable Blocks 1179 1090 92.5 1091 92.5 

Random Time (s) 215900 204400 94.6 204947 94.9 

* An average experimental life (5558 cycles) based on observation from ET-F06 and ET-F41 tests is used. 
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6 Stress-Controlled Tensile/Fatigue Tests of 316 SS 
 

Under realistic loading conditions, nuclear reactor components are subjected to stress loading rather 

than strain loading, as in the case of conventional strain-controlled fatigue tests. In the low cycle fatigue 

regime, the life of reactor components is conventionally estimated by using S~N (strain~life) curves, 

which are estimated from strain-controlled fatigue test data. Cyclic stress-controlled loading may result in 

ratcheting of strain-induced failure modes. Ratcheting can be defined as the progressive directional 

accumulation of permanent strain due to stress cycling [38, 39]. The difference in peak true stress levels 

during tension and compression can lead to non-closure of the hysteresis loop, which causes the shifting 

of the loop along the direction of the strain axis [40, 41]. Ratcheting strain is a secondary deformation 

process that proceeds cycle by cycle. During stress cycling, the cumulative effect of fatigue damage and 

progressive ratcheting strain accumulation in a particular direction can severely deteriorate the 

performance of a component by continuous thinning out the cross-sectional area [38]. Ratcheting strain 

not only depends on the material but also the loading factors, such as stress level, loading history, loading 

rate, and loading path [40]. Thus, it is important to investigate material behavior under stress-controlled 

loading. It is also important to investigate how the reactor coolant environment affects the ratcheting 

behavior of materials, such as 316 SS. In U.S. PWRs, 316 SS and other similar stainless steel grades are 

primarily used in the construction of hot leg, cold leg, and SL pipes. In this section, we present some 

preliminary experimental results related to stress-controlled tensile and fatigue testing of 316 SS base 

metal. The discussed results are based on few test data sets and require many more tests to draw any firm 

conclusion.  

 

We performed stress-controlled fatigue experiments on 316 SS base metal under air at 300 °C and a 

PWR water coolant environment at 300 °C. Two loading rates were employed during the fatigue tests to 

determine the impact of loading rate on material behavior under air and PWR environment conditions. All 

the tests were conducted with small hourglass specimens. Experiments under air and PWR environment 

were conducted in separate test setups containing hydraulic-controlled MTS test frames. For the PWR 

environment fatigue experiments, a specially designed pressurized water loop was used to create the PWR 

coolant water condition. The pressurized water test loop consists of various subsystems such as feed water 

supply tank, circulating water pump, pre-heater, autoclave, heat exchanger, hydrogen and other cover gas 

supply systems, etc. The details of the test setups and environmental control can be found in a previous 

Argonne report[24]. For the in-air fatigue tests, a precision high-temperature extensometer was used to 

measure the gauge-area strain. For the PWR environment tests, an extensometer couldn’t be used for 

gauge-area strain measurement due to a water-tight autoclave in the experimental assembly. To determine 

the strain of the specimens during the PWR environment tests, actuator position measurements from PWR 

water tests were used along with the position-strain mapping functions generated from the in-air fatigue 

tests. One stress-controlled tensile test in air at 300 °C was also performed to investigate material behavior 

under stress-controlled tensile loading. Results from strain-controlled fatigue test ET-F41 (see Section 3) 

and strain-controlled tensile test ET-T04 [37] are also used. The test conditions along with Test IDs are 

presented in Table 6.1. 
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Table 6. 1 Test conditions for 316 SS base metal tensile and fatigue tests. 

Test ID Test Condition 

ET-T04 In air, 300 °C, strain control, tensile test [37]. 

ET-T11 In air, 300 °C, stress control, tensile test. 

ET-F41 In air, 300 °C, strain control, constant amplitude = 0.5%, fatigue test [see Section 3]. 

ET-F43 

In air, 300 °C, stress control, one block gradually increasing stress amplitude (106 MPa 

to 216 MPa) with slow loading rate (0.0432 MPa/s) followed by constant amplitude (216 

MPa, equivalent to stress amplitude observed during stabilized cycles of ET-F41 test) 

with fast loading rate (43.2 MPa/s), fatigue test. 

EN-F44 

PWR water, 300 °C, stress control, one block gradually increasing stress amplitude (106 

MPa to 216 MPa) with slow loading rate (0.0432 MPa/s) followed by constant amplitude 

(216 MPa, equivalent to stress amplitude observed during stabilized cycles of ET-F41 

test) with fast loading rate (43.2 MPa/s), fatigue test. 

ET-F45 

In air, 300 °C, stress control, one block gradually increasing stress amplitude (106 MPa 

to 216 MPa) with slow loading rate (0.0432 MPa/s) followed by constant amplitude (216 

MPa, equivalent to stress amplitude observed during stabilized cycles of ET-F41 test) 

with slow loading rate (0.0432 MPa/s), fatigue test. 

EN-F46 

 PWR water, 300 °C, stress control, one block gradually increasing stress amplitude (106 

MPa to 216 MPa) with slow loading rate (0.0432 MPa/s) followed by constant amplitude 

(216 MPa, equivalent to stress amplitude observed during stabilized cycles of ET-F41 

test) with fast loading rate (0.0432 MPa/s), fatigue test. 
 

 

6.1 Tensile Test 

 

Figure 6.1 depicts the engineering stress-strain plot (up to 2% strain) estimated from stress-controlled 

tensile test ET-T11. The engineering stress-strain plot from strain-controlled test ET-T04 is also shown in 

Figure 6.1 for comparison. The stress-strain plots indicate no significant difference in material behavior 

under the different loading conditions. Stress-controlled tensile test data were further analyzed to estimate 

fixed material parameters and model the fatigue test cases, as discussed in Section 7.  

 

 

 

 

 

 

 

 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve: Rev.1 
August  2018 
 

     ANL/LWRS-17/03 Rev. 1 
  

63 

 

 

 
Figure 6. 1 Engineering stress-strain curve estimated from ET-T04 [37] and ET-T11 data. 

 

6.2 Fatigue Test 

6.2.1 Test Procedures 

 

Two different stress inputs were used to perform fatigue tests on 316 SS. Figure 6.2 shows the stress 

input during ET-F43 and EN-F44 tests. As seen in the figure, stress input consists of an initial variable-

amplitude block loading comprising 12 fatigue cycles with gradually increased stress amplitude followed 

by repeated cycles of constant-amplitude loading. A magnified plot of constant-amplitude stress input is 

shown in Figure 6.3. The stress amplitude for the constant-amplitude loading was equal to the maximum 

stress amplitude (last cycle) during the variable-amplitude loading. This amplitude was decided based on 

the stress amplitude during stabilized cycles of strain-controlled fatigue test ET-F41, as shown in Figure 

6.4. The stress rate during constant-amplitude loading was 43.2 MPa/s, which was selected such that the 

time period is the same as that of ET-F41 test. Note that the stress rate during variable-amplitude loading 

was 0.0432 MPa/s, which is 1000 times lower than the stress rate during constant-amplitude loading. This 

was done to mimic the initial slow heat-up of the nuclear reactor components during operation. The high 

stress rate (during constant-amplitude loading) after the initial variable-amplitude loading at low rate was 

done to complete the test within a reasonable time frame. The initial variable-amplitude block loading 

with gradually increased stress was applied to ensure that the test material does not deform too much 

within the first quarter cycle. As shown in Figure 6.1, a 2% deformation is observed after application of 

197 MPa stress during tensile test ET-T11. 
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Figure 6. 2 Stress input during ET-F43 and EN-F44. 

 

 

Figure 6. 3 Repeating constant-amplitude stress input at high rate (after low-rate variable-amplitude 

stress input in first block) during ET-F43 and EN-F44. 
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Figure 6. 4 Observed stress during the ET-F41. Data point shows stress amplitude during stabilized 

cycle. 

 

Another set of stress-controlled tests (ET-F45 and EN-F46) was conducted, where the stress rate was 

the same for both variable- and constant-amplitude loading. The employed stress rate was 0.0432 MPa/s. 

The stress input during ET-F45 and EN-F46 tests is shown in Figure 6.5. These low stress rate tests were 

performed to examine the impact of loading rate on material behavior during constant-amplitude stress 

loading cycles. The time period was  20000 s during low-rate constant-amplitude loading (ET-F45 and 

EN- F46), but only 20 s during high-rate constant-amplitude loading (ET-F43 and EN-F44). 
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Figure 6. 5 Stress input during ET-F45 and EN-F46. 

 

6.2.2 Experimental Observations  

6.2.2.1 In-air Tests 

 

Figure 6.6 shows the observed engineering strain during the entire ET-F43 test. The figure indicates 

that a significant amount of ratcheting strain occurs during the stress-controlled fatigue experiment with 

316 SS. Although no mean stress was applied, the specimen still ratcheted up to 3% in the tensile direction. 

To determine the driving force behind ratcheting of the specimen, the mean true stresses during variable- 

and constant-amplitude loading of ET-F43 are plotted in Figures 6.7 and 6.8, respectively. These figures 

show that the mean true stress during ET-F43 is in the tensile direction, which might have caused the 

material to ratchet in that direction.  

 

Figure 6.6 suggests that the rate of ratcheting was much higher during the initial phase (variable-

amplitude loading) of the experiment. Careful observation also indicates that the observed strain amplitude 

was much higher during the last cycle of variable-amplitude loading than the first cycle of constant-

amplitude loading. Note that the applied stress amplitude is same for both cases. This finding suggests 

that 316 SS shows rate-dependent behavior, particularly when the rate of loading changes. For example, 

the strain ratcheting rate was higher when the applied stress rate was lower during initial-variable loading, 

but when the applied stress rate was changed to a higher rate (during constant-amplitude loading), the 

observed strain ratcheting rate decreased. The slower strain ratcheting during higher rate constant-

amplitude loading could be also due to work hardening associated with the higher rate strain ratcheting 
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during the initial variable loading. This finding is very important for fatigue modeling of nuclear reactor 

components, as they are subjected to variable-rate stress-strain reversal, leading to a load-sequence effect 

on material performance. Also, this test result signifies the importance of stress analysis and fatigue 

modeling of reactor components based on both stress- and strain-controlled fatigue test data.  

 

The observed actuator position during ET-F43 is shown in Figure 6.9. The actuator position data were 

used to generate position-strain mapping, which was used to predict the strain from position data during 

PWR water tests EN-F44 and EN-F46.  

 

 

Figure 6. 6 Observed strain during ET-F43. 
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Figure 6. 7 Mean true stress during variable-amplitude loading of ET-F43. 

 

 
 

Figure 6. 8 Mean true stress during constant-amplitude loading of ET-F43. 
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Figure 6. 9 Observed actuator position during ET-F43. 

 

The observed strain and actuator position during the ET-F45 test are shown in Figures 6.10 and 6.11, 

respectively. As the stress rate during constant-amplitude loading of ET-F45 test was 1000 times lower 

than that of ET-F43, the experiment took exceptionally long, and the sample did not break even after 48 

days. The experiment was stopped after 200 constant-amplitude loading cycles. 
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Figure 6. 10 Observed strain during ET-F45 fatigue test. 

 

 

Figure 6. 11 Observed actuator position during ET-F45 fatigue test. 
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Comparisons between material behavior during variable-amplitude loading of in-air tests ET-F43 and 

ET-F45 are shown in Figures 6.12 and 6.13, respectively. Figure 6.12 shows the engineering stress-strain 

hysteresis plots while Figure 6.13 shows the ratcheting strain during variable-amplitude block loading. 

From these figures, a significant difference can be seen in ratcheting strain, although the loading 

conditions (stress amplitude and stress rate) were the same for both tests (during variable-amplitude 

loading). This finding indicates that the test material can behave very differently under the same stress 

cyclic loading. As can be seen in the tensile stress-strain plot in Figure 6.1 and stress-strain hysteresis plot 

in Figure 6.12, during plastic deformation, material strain response becomes asymptotic at higher stress 

loading. A small amount of stress perturbation can cause huge plastic strain, which can further drive the 

ratcheting by increasing the mean true stress in the following loading cycle. These findings show the 

importance of conducting several stress-controlled fatigue tests under the same condition so that the 

variation in material behavior under stress loading can be incorporated into the material properties  with 

a statistically good level of confidence. These findings also signify the complexity of conducting stress-

controlled fatigue experiments. Reports of related stress-controlled tests are rare in the open literature. 

The different material behaviors under different stress rate during constant-amplitude loading is discussed 

in Section 6.2.5. 
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Figure 6. 12 Comparison of ratcheting strain during variable-amplitude block loading of ET-F43 (top) 

and ET-F45 (bottom). 
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Figure 6. 13 Comparison of ratcheting strain during variable-amplitude loading of ET-F43 and ET-F45. 

 

6.2.2.2 PWR Tests 

 

Figure 6.14 shows the observed actuator position for the entire test EN-F44. The stress input during 

the PWR water test EN-F44 was the same as for the in-air test ET-F43. Initial observation of the actuator 

position data between ET-F43 (Figure 6.9) and EN-F44 (Figure 6.14) suggests that ratcheting is much 

higher in PWR water than in air. However, strain must be predicted from actuator position data for the 

PWR water test to get a better picture of the impact of the PWR environment on ratcheting strain. The 

position-strain mapping functions obtained from air tests ET-F43 and ET-F45 were used to predict strain 

from observed actuator position data during PWR tests, which are discussed in Section 6.2.3.  
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Figure 6. 14 Observed actuator position during PWR water test EN-F44. 

 

The observed actuator position from PWR water test EN-F46 is shown in Figure 6.15. The stress input 

during this test was the same as that of the in-air test ET-F45, where the stress rate was 0.0432 MPa/s 

during both variable- and constant-amplitude loading. For EN-F44, the stress rate was 0.0432 MPa/s 

during variable-amplitude loading and 43.2 MPa/s during constant-amplitude loading. Due to the low 

(1000 times) stress rate during constant-amplitude loading of EN-F46, the experiment took exceptionally 

long, and the sample did not break even after 34 days. The test was stopped after 139 cycles. As seen in 

the comparison of the observed actuator position data between ET-F43 and EN-F44, the comparison 

between ET-F45 (Figure 6.11) and EN-F46 (Figure 6.15) also indicates higher ratcheting in the case of 

the PWR water test.  
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Figure 6. 15 Observed actuator position during PWR water test EN-F46. 

 

The observed actuator positions during variable-amplitude loading of ET-F44 and ET-F46 tests are 

shown in Figure 6.16. The curves indicate a significant difference in material ratcheting during variable-

amplitude loading between the two tests, although the loading conditions (stress amplitude and stress rate) 

were the same for both tests during variable-amplitude loading. A similar observation was also made for 

the in-air tests (Figure 6.13). As discussed in Section 6.2.2.1, this kind of variation in material behavior 

under the same experimental condition could be due to the asymptotic plastic strain response at high stress 

level. 

 

 

 

 

 

 

 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal Stratification and an 

Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N Curve: Rev.1 

  August  2018 
 

ANL/LWRS-17/03 Rev. 1 76 

 

 

Figure 6. 16 Comparison of observed actuator position during variable-amplitude block loading of ET-

F43 and ET-F45. 

 

6.2.3 Prediction of Strain from Actuator Position Data of PWR Tests 

 

During PWR environment tests, an extensometer could not be placed inside the water-tight autoclave 

for strain measurement. Thus, the axial deformation of the specimen must be measured or controlled by 

either frame crosshead displacement (i.e., stroke) or frame actuator position. Previously [37, 42, 43], we 

conducted PWR environment tests by controlling the crosshead displacement. To predict the strain from 

the crosshead displacement data of the PWR tests, we used stroke-strain mapping functions generated 

from in-air tests data, where the in-air tests were controlled by the same crosshead displacement used for 

PWR tests. The stroke-strain mapping functions from stoke-controlled in-air test data were generated by 

using the 7th-order polynomial given below [37]: 

ɛ =  𝑎𝑜 + 𝑎1𝑑𝑠 + 𝑎2𝑑𝑠
2 + 𝑎3𝑑𝑠

3 + 𝑎4𝑑𝑠
4 + 𝑎5𝑑𝑠

5 + 𝑎6𝑑𝑠
6 + 𝑎7𝑑𝑠

7                           (6.1) 

 

where ɛ and 𝑑𝑠 represent strain and crosshead displacement, respectively, and 𝑎’s are constants. An 

example comparison of actual strain and regenerated strain from crosshead displacement (using stroke-

strain mapping functions) of an in-air test is shown in Figure 6.17. The plot indicates that the regenerated 

strain from stroke measurements is well matched with the actual gauge-area strain measurements.  
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Figure 6. 17 A comparison between actual strain and regenerated strain from stroke measurements of 

a stroke-controlled in-air test [42].  

 

In this work, we used actuator position measurements to predict strain during the PWR environment 

tests. We used actuator position measurements instead of stroke measurements because, during stress- 

controlled testing, a significant amount of axial ratcheting of the specimen occurs in the tension direction, 

which is beyond the measurement range of the stroke sensor. To generate position-strain mapping 

functions during in-air stress controlled tests, we used the following 7th-order polynomial, similar to Eq. 

6.1. 

ɛ =  𝑎𝑜 + 𝑎1𝑑𝑎 + 𝑎2𝑑𝑎
2 + 𝑎3𝑑𝑎

3 + 𝑎4𝑑𝑎
4 + 𝑎5𝑑𝑎

5 + 𝑎6𝑑𝑎
6 + 𝑎7𝑑𝑎

7                           (6.2) 

 

where 𝑑𝑎 represents the actuator position. However, Eqs. 6.1 or 6.2 can only accurately predict the strain 

from stroke or actuator position measurements if there is no axial ratcheting of the specimen. Note that no 

ratcheting (shifting of mean-strain axis) occurred in the specimen during the stroke-controlled test 

(originally intended to mimic a typical strain-controlled test), as can be seen from Figure 2.17. The 7th-

order polynomial was able to predict the shape of the stress-strain hysteresis plots within a cycle, but only 

after removal of the ratcheting portion of the overall specimen deformation. Thus, ratcheting deformation 

of the specimen must be predicted separately.  
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To generate the position-strain mapping for the ratcheting portion of the overall specimen deformation, 

we plotted ratcheting strain (i.e., strain measurements at the end of each cycle) against the position 

measurements at the end of each cycle for both in-air stress-controlled tests ET-F43 and ET-F45. The 

plots, shown in Figure 6.18, indicate that the ratcheting strain follows a linear relationship with end-of-

cycle position measurements. The slopes of the linear relationship between ratcheting strain and end-of-

cycle position measurements from ET-F43 and ET-F45 are found to be 6.5809 and 5.7499, respectively. 

We used an average value (6.1654) of the slopes as position-strain mapping function to predict ratcheting 

strain from the end-of-cycle position data from PWR water tests EN-F44 and EN-F46. However, before 

predicting the overall strain of the PWR tests, we checked whether the combination of linear position-

strain mapping for ratcheting strain and the 7th-order polynomial position-strain mapping for strain within 

a cycle can predict the strain from the position data. To verify this, we regenerated the strain from the 

position data of in-air tests ET-F43 and ET-F45. The comparison between regenerated strain and actual 

measured strain from ET-F43 are shown in Figures 6.19 and 6.20. Figure 6.19 shows the data from the 

variable-amplitude loading while Figure 6.20 shows the data from the constant-amplitude loading of ET-

F43. As seen in the figures, the regenerated strain through position-strain mapping match the actual strain 

measurements with good accuracy. Thus, the two position-mapping functions, one for ratcheting strain 

and one for the strain within a cycle, can be used to predict the overall strain from actuator position data 

of PWR tests.   

 

 

Figure 6. 18 Ratcheting strain as function of actuator position measurements at the end of each cycle 

from ET-F43 and ET-F45. 
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Figure 6. 19 Actual strain measured by strain gauge vs. predicted strain regenerated from position data 

of ET-F43 during variable-amplitude loading. 

 

 

Figure 6. 20 Actual strain measured by strain gauge vs. predicted strain regenerated from position data 

of ET-F43 during constant-amplitude loading. 
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We used the position-strain mapping functions discussed in this section to predict strain from position 

data of PWR environment tests EN-F44 and EN-F46. As shown in Figures 6.21 and 6.22, ratcheting strain 

during variable-amplitude loading of EN-F46 is much higher than EN-F44, although in the both cases the 

stress input was the same. The ratcheting strain after variable-amplitude loading was found to be 1.68% 

for EN-F44 and 5.75% for EN-F46. This 3.42 times higher value in the predicted ratcheting for EN-F46 

(after variable-amplitude loading) can be well justified if the position data at the end of variable-amplitude 

loading are compared (refer to Figure 6.16). The position measurement at the end of variable-amplitude 

loading during EN-F46 was 0.874 mm, which is 3.43 times higher than the position data (0.255 mm) from 

EN-F44. 

 

 

Figure 6. 21 Predicted engineering strain from actuator position data during EN-F44. 
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Figure 6. 22 Predicted engineering strain from actuator position data during EN-F46. 

 

6.2.4 Effect of Stress Rate on Material Behavior 

 

As discussed in Section 6.2.1, the applied stress rate was the same during the variable-amplitude 

loading for all the tests while it was different during constant-amplitude loading. The stress rate during 

constant-amplitude loading of ET-F43 and EN-F44 was 43.5 MPa/s, while a 1000 times lower stress rate 

(0.0432 MPa/s) was employed during constant-amplitude loading of ET-F45 and EN-F46 tests. To 

compare the effect of stress rate on material behavior, the engineering strain responses during constant-

amplitude loading of ET-F43 and ET-F45 tests are plotted in Figure 6.23. As seen in the figure, the strain 

at the beginning of the constant-amplitude loading was different. This finding is due to the difference in 

ratcheting strain after the initial variable-amplitude loading (see Figure 6.13). To get a better picture of 

the effect of stress rate during constant-amplitude loading, the strain data were normalized by subtracting 

the initial strain. Figure 6.24 plots the normalized engineering strain vs. fatigue cycles of ET-F43 and ET-

F45. Similarly, Figure 6.25 plots the same factors from constant-amplitude loading of PWR tests EN-F44 

and EN-F46. From both figures, it can be concluded that under lower stress rate as well as for longer 

fatigue cycles, material hardens more.  The normalized ratcheting strain as a function of fatigue cycles is 

plotted in Figures 6.26 and 6.27 for in-air and PWR tests, respectively. The plots indicate that material 

ratchets at a higher rate under lower stress rate, a finding that is somewhat conflicting if the conclusion is 

made only based on the material hardening observed from Figures 6.24 and 6.25. One would expect slower 

ratcheting as material hardens, as in the case of the low stress rate test, but it is not always the case.  
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Figure 6. 23 Engineering strain vs. fatigue cycles during constant-amplitude loading of ET-F43 and 

ET-F45. 

 

Figure 6. 24 Normalized engineering strain vs. fatigue cycles during constant-amplitude loading of 

ET-F43 and ET-F45. 
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Figure 6. 25 Normalized engineering strain vs. fatigue cycles during constant-amplitude loading of 

EN-F44 and EN-F46. 

 

Figure 6. 26 Normalized ratcheting strain vs. fatigue cycles during constant-amplitude loading of 

ET-F43 and ET-F45. 
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Figure 6. 27 Normalized ratcheting strain vs. fatigue cycles during constant-amplitude loading of EN-

F44 and EN-F46. 

 

6.2.5 Effect of PWR Environment on Material Behavior 

 

To investigate the effect of the PWR environment on material behavior, ratcheting strain during 

variable-amplitude loading of all four stress-controlled tests is plotted as a function of fatigue cycles in 

Figure 6.28. Note that the stress input for all four cases is the same during variable-amplitude loading. As 

seen in Figure 6.28, the ratcheting strain at the end of variable-amplitude loading is higher for the two 

PWR tests (EN-F44 and EN-F46) than the two in-air tests (ET-F43 and ET-F45). However, there is a huge 

variation in the ratcheting strain values irrespective of the environment. Ratcheting strain for ET-F45 (in-

air) is 2.65 times higher than ET-F43 (in-air), while ratcheting strain for EN-F46 (PWR) is 3.43 times 

higher than EN-F44 (PWR). There is also significant variation in material response at the initial stage of 

the stress-controlled fatigue test.  
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Figure 6. 28 Comparison of ratcheting strain during variable-amplitude loading of in-air tests (ET-F43 

and ET-F45) and PWR tests (EN-F44 and EN-F46). 

 

 

The effect of the PWR environment on material behavior during constant-amplitude loading was also 

investigated. Figure 6.29 compares the normalized ratcheting strain between ET-F43 and EN-F44, which 

are high stress rate tests (43.2 MPa/s), while Figure 6.30 gives the results for ET-F45 and EN-F46, low 

stress rate (0.0432 MPa/s) tests. In both cases, the test material experiences higher ratcheting under the 

PWR environment. The life of the EN-F44 (PWR) specimen is also reduced by 13% compared to the ET-

F43 specimen (in-air). 
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Figure 6. 29 Comparison of normalized ratcheting strain during constant-amplitude loading of ET-F43 

and EN-F44. 

 

Figure 6. 30 Comparison of normalized ratcheting strain during constant-amplitude loading of ET-F45 

and EN-F46. 
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7 Results from Analytical Modeling of Stress-Controlled Fatigue Tests of 316 SS 
 

As discussed in Section 6, ratcheting strain-induced failure may occur in nuclear reactor components 

due to cyclic stress loading. The conventional modeling approach for strain-controlled fatigue testing may 

not accurately predict material behavior under realistic loading conditions. Moreover, fatigue life 

evaluation of nuclear reactor components requires component-level cyclic stress analysis, where stress 

rather than strain is controlled. To develop a more accurate fatigue model for 316 SS, stress-controlled 

fatigue tests were performed, as discussed in Section 6. In this section, results from a mechanistic-based 

analytical model of stress-controlled fatigue tests are presented. In Section 4, it is shown that the ANL-

developed evolutionary cyclic plasticity model can accurately model strain-controlled fatigue tests. 

However, the model should also be able to predict material behavior under stress-controlled fatigue 

loading before it can be further used for component-level thermal-mechanical stress analysis under cyclic 

loading. We, therefore, examine the capability of the model in predicting the behavior of 316 SS under 

stress-controlled fatigue loading. Note that all the results presented here are preliminary, and more work 

is required for further improvement of stress-controlled fatigue modeling. Nevertheless, the ultimate aim 

of this project is to develop a framework for ratcheting-strain-dependent finite element modeling (based 

on an evolutionary cyclic plasticity model) that can be used alongside ratcheting strain-based failure 

criteria to estimate the life of nuclear reactor components through thermal-mechanical cyclic stress 

analysis.   

 

7.1 Analytical Modeling of In-air Test Cases 

 

Modeling of the initial variable-amplitude loading at low stress rate during ET-F43 was done using 

two sets of material parameters: constant material parameters based on tensile test ET-F11 and cycle-

dependent material parameters. Figure 7.1 shows the experimental vs. predicted true strain simulated with 

the constant tensile-test parameters and the Chaboche model. The curves indicate that the Chaboche model 

based on constant tensile-test parameters cannot predict the cyclic deformation of 316 SS under stress-

controlled loading. Figure 7.2 shows the experimental vs. predicted true strain simulated using cycle-

dependent material properties and the evolutionary cyclic plasticity model. The comparison between 

experimental and predicted strain shows that the evolutionary cyclic plasticity model can predict the 

material deformation of 316 SS under stress-controlled cyclic loading. Note that the magnitude of the 

applied up and down engineering stress amplitudes are the same within a cycle; as a result, the mean 

engineering stress is zero. However, the magnitudes of the up and down true stress amplitudes are 

different, which creates a mean true stress within a cycle. The mean true stress for initial variable-

amplitude loading of ET-F43 is shown in Figure 6.7. As discussed in Section 6.2.2.1, the mean true stress 

is the driving force behind the non-recoverable deformation (i.e., ratcheting strain) of the specimen. As 

true stress-strain is used for calculation, the simulation results for stress-controlled tests are presented in 

true quantity. Also note that the modeling results presented in Section 4 (strain-controlled tests) are based 

on engineering stress-strain calculation, as there is no (or very negligible amount of) mean stress in a 

strain-controlled test with equal magnitude of up and down amplitudes. 
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Figure 7. 1 Experimental vs. predicted true strain during initial variable-amplitude loading of ET-F43. 

Prediction is based on tensile-test-based constant parameters and the Chaboche model. 

 

 

Figure 7. 2 Experimental vs. predicted true strain during initial variable-amplitude loading of ET-F43. 

Prediction is based on cycle-dependent parameters and the evolutionary cyclic plasticity model. 
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Modeling of ET-F43 during the constant-amplitude loading at high stress rate was also done with 

cycle-dependent material parameters and the evolutionary cyclic plasticity model. A comparison between 

experimental and simulated true strain is shown in Figure 7.3. The curves indicate reasonable accuracy in 

the predicted true strain.   

 

 

Figure 7. 3 Experimental vs. predicted true strain during constant-amplitude loading of ET-F43. 

Prediction is based on cycle-dependent parameters and ANL-developed evolutionary cyclic plasticity 

model. 

 

Similarly, the ET-F45 fatigue test was modeled for both initial variable-amplitude and following 

constant-amplitude loadings. The results are shown in Figures 7.4 and 7.5, respectively. The comparison 

between experimental and simulated true strains shown in the figures indicates that the predictions with 

the evolutionary cyclic plasticity model are in good agreement with the experimental observation. Also, 

note that the stress rates during constant-amplitude loading of ET-F43 and ET-F45 are very different. The 

rate is 1000 times higher for ET-F43 compared to ET-F45. This signifies that the model can also capture 

the effect of loading rate on material behavior.  
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Figure 7. 4 Experimental vs. predicted true strain during initial variable-amplitude loading of ET-F45. 

Prediction is based on cycle-dependent parameters and the evolutionary cyclic plasticity model. 

 

 
Figure 7. 5 Experimental vs. predicted true strain during constant-amplitude loading of ET-F45. 

Prediction is based on cycle-dependent parameters and the evolutionary cyclic plasticity model. 
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7.2 PWR Test 

 

The PWR environment test EN-F44 was analytically modeled with the cycle-dependent material 

properties and the evolutionary cyclic plasticity model. Figure 7.6 shows the experimental and simulated 

true strain for the initial variable-amplitude loading. It can be seen that the evolutionary cyclic plasticity 

model can predict the behavior of 316 SS under variable-amplitude loading in the PWR environment. The 

experimental and simulated true strain during constant-amplitude loading (first 50 cycles) of EN-F44 is 

shown in Figure 7.7 

 

 

 
Figure 7. 6 Experimental vs. predicted true strain during initial variable-amplitude loading of EN-F44. 

Prediction is based on cycle-dependent parameters and the evolutionary cyclic plasticity model. 
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Figure 7. 7 Experimental vs. predicted true strain during constant-amplitude loading (first 50 cycles) 

of ET-F46. Prediction is based on cycle-dependent parameters and the evolutionary cyclic plasticity 

model. 
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8 CFD and Thermal-Mechanical Stress Analysis under Transient Conditions 
 

In general, the design lives of light water reactors (LWR) are 40 years. In US efforts are being made 

to extend the life of LWRs from original design life of 40 years to extended life of 80 years or more. 

However, environmental fatigue of the reactor components are one of the major issues for extended service 

of these reactors. Different components of reactor experience different type of thermal-mechanical 

loading, which along with the reactor environment govern the degradation mechanism in that particular 

component.  Many research organizations around the world are involved in studying the effect of reactor 

environment and associated damage mechanism on reactor material. However, majority of the related 

research works are focused on testing and material characterization using small-scale specimen under 

uniaxial loading conditions. However, failure of a component is, not only depend on material interaction 

with reactor environment but also on the multiaxial loading conditions of components.  However, 

laboratory testing of a component to study the effect of environmental fatigue is not always an easy option. 

This is due to replicating the reactor fluid-thermal-mechanical loading is not an easy task. Also component 

scale experiment is extremely time-consuming and cost prohibitive.  The alternate approach for 

component level structural integrity evaluation is through computational modeling. For example use of 

3D finite element tools are increasingly becoming popular for component level structural integrity analysis 

of reactor components [44-48]. In this report we present component level fatigue evaluation such as of 

surge line (SL) pipe. Most of the pressurized water reactor (PWR) has SL that is used for controlling the 

primary loop pressure. For evaluating fatigue of SL it is required to perform the stress analysis. In turn 

stress analysis of SL requires to perform the computational fluid dynamics analysis to estimat the thermal 

boundary condition of SL. The thermal boundary condition of SL is highly complex due to the thermal 

stratification [49]. Development of computational fluid dynamics (CFD) model required to model the 

thermal condition of SL. There are many researchers contributed for CFD modeling of SL or similar 

component for modeling complex flow mixing and associated thermal stratification [50-63]. In this section 

we present a detailed parametric study of standalone CFD and coupled CFD and heat transfer (CFD-HT) 

analysis of SL. The models have been developed for estimating the temperature boundary condition and 

stratification of the SL pipe. Both standalone CFD and coupled CFD heat transfer (CFD-HT) fluid 

structure interaction (FSI) models are developed. The resulting temperature data are then used for stress 

analysis (ST) of the SL pipe. Analysis regarding the standalone CFD, and CFD-HT, models with 

representative results is presented below. The related ST and fatigue analysis results are discussed in 

Sections 9 and 10, respectively.   

 

8.1 CFD and CFD-HT Theoretical Background 

 

In the reported work, commercially available ABAQUS software was used for the CFD and CFD-HT 

simulations. The details of the CFD theoretical background and its implementation to ABAQUS code can 

be found in the ABAQUS user manual [64] or other relevant literature. However, in this subsection, we 

briefly describe the theoretical information for completeness and easy reference of the terminology and 

material constants used in the model. The related conservation of mass, momentum, turbulence, and 

energy equations are briefly described below. 
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The conservation of mass or continuity equation can be given as: 

 
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝒖) = 0                                                                             (8.1) 

 

where ∇,  𝜌, and 𝒖 are, respectively, the del operator, density, and velocity vector of the fluid. Then, the 

conservation of momentum or the Navier-Stokes (NS) equation can be given as: 

 
𝜕

𝜕𝑡
(ρ𝒖) + ∇. (𝜌𝒖 ⊗ 𝒖) = −∇. p𝐈 + ∇. 𝛕 + 𝜌𝒈                                (8.2) 

 

where ⊗,p, 𝐈, 𝛕, and 𝒈  are, respectively, the outer product, pressure, identity matrix, deviatoric (shear) 

stress tensor, and body accelerations, e.g., acceleration due to gravity. In the present work, commercially 

available ABAQUS software was used for the CFD simulation. The ABAQUS/CFD code only allows the 

incompressible flow type models. For the incompressible flows the momentum equation given in Eq. (8.2) 

has the equivalent form as: 

 
𝜕

𝜕𝑡
(ρ𝒖) + ∇. (𝜌𝒖 ⊗ 𝒖) = −∇. p𝐈 + μ∇2𝒖 + 𝜌𝒈                                (8.3) 

 

In general, the flow conditions in the SL are highly turbulent, particularly during transient in-surge or 

out-surge conditions (which are discussed in this work). The simulation of turbulent flows in the SL 

requires numerically solving the NS equation  given in Eq. (8.3). This, in turn, requires resolving a very 

wide range of length and time scales. One of the approaches for solving turbulent NS equations is through 

using a Large Eddy Simulation (LES) type solver. The LES solvers are based on the principles of ignoring 

the computationally expensive smaller length scales, e.g., near-wall flows via low-pass filtering of NS 

equations. This helps in increased computational economy of LES solvers, which are popular for large 

industrial applications. ABAQUS/CFD offers an implicit large eddy simulation (ILES) type solver, which 

is automatically chosen for high Reynolds number flow. In LES/ILES type solver, large eddies smaller 

than the mesh size are resolved. To resolve smaller eddies requires finer mesh, leading to higher 

computational requirement. So an ILES type solver may or may not capture the flow behavior in the SL. 

In this work, the efficacy of an ILES solver was checked along with turbulence models such as Reynolds 

Averaged Navier-Stokes (RANS) models.  In the RANS model, the fluid velocity components in the NS 

equation (Eq. 8.3) are decomposed into two parts: ensemble-averaged (or time-averaged) mean velocity 

components and fluctuating velocities components due to turbulence.   For the RANS model, the 

instantaneous velocity component with respect to space and time, 𝑢𝑖(𝐗, t) can be expressed as: 

 

𝑢𝑖(𝐗, t) = 𝑢̅𝑖(𝐗, t) + 𝑢́𝑖(𝐗, t)                                                   (8.4) 

 

In Eq. (8.4) 𝑢̅𝑖 and 𝑢́𝑖 represent time-averaged mean and fluctuating velocity component. To solve the 

NS equations (Eq. 8.3) along with Eq. (8.4) requires the introduction of an additional term, called 

Reynolds stress 𝑅𝑖𝑗. The corresponding RANS momentum equation can be given as: 
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𝜌
𝜕𝑢𝑖

𝜕𝑡
+ 𝜌𝑢̅𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

𝜕𝑝̅

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜇

𝜕𝑢𝑖

𝜕𝑥𝑗
) + 𝜌𝑔̅𝑖 +

𝜕𝑅𝑖𝑗

𝜕𝑥𝑗
                                         (8.5) 

 

In Eq. (8.5) 𝜇, 𝑢̅𝑖 , 𝑝̅, and  𝑔̅𝑖 are, respectively, the  dynamic viscosity, mean pressure field, mean velocity 

field, and mean body force or gravity field to model the mean flow.  Reynolds stress 𝑅𝑖𝑗  components 

represent the fluctuating velocity (with respect to mean velocity) component and can be expressed in terms 

of fluctuating velocity component 𝑣́𝑖 as: 

 

𝑅𝑖𝑗 = −𝜌𝑢́𝑖𝑢́𝑗
̅̅ ̅̅ ̅                                                             (8.6) 

 

The RANS equation (Eq. 8.5) requires solution of Reynolds stress tensor 𝑅𝑖𝑗 in addition to the mean 

pressure and velocity components in a typical LES/ILES type solver. The RANS equations require 

solution of additional nonlinear Reynolds stress terms, leading to creation of different turbulence models. 

For example, using the Boussinesq hypothesis the additional term in Eq. (8.5), i.e., Reynolds stress 𝑅𝑖𝑗 , 

can be modeled in terms of eddy or turbulent kinematic viscosity 𝜐𝑡 . The   Reynolds stress 𝑅𝑖𝑗 tensor in 

terms of  𝜐𝑡, can be expressed as: 

 

𝑅𝑖𝑗 = −𝜌𝑢́𝑖𝑢́𝑗
̅̅ ̅̅ ̅ = 𝜐𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
(𝜌𝑘 + 𝜐𝑡

𝜕𝑢𝑘

𝜕𝑥𝑘
) 𝛿𝑖𝑗                            (8.7) 

 

In Eq. (8.7) 𝑘 = 𝑢́𝑖𝑢́𝑗
̅̅ ̅̅ ̅/2 is the turbulent kinetic energy, and the turbulent viscosity 𝜐𝑡 has to be solved. 

There are different turbulence models to solve turbulent viscosity  𝜐𝑡 . In this work in addition to the ILES 

solver, another two RANS type solvers, such as Spalart-Allmaras and 𝑘 − 𝜖 turbulence models, were 

investigated for modeling the SL flow.  The Spalart-Allmaras is a one-equation turbulence model used to 

solve the turbulent kinematic viscosity  𝜐𝑡, which can be expressed as: 

 

𝜐𝑡 = 𝜐̃𝑓𝜐,   𝑓𝜐(𝜒) = 𝑓(𝜒 =
𝜐

𝜐
)                                                     (8.8) 

 

In Eq. (8.8), the 𝜐𝑡 has to be estimated by solving the differential equation of  𝜐̃. The details of the 

differential equation associated with 𝜐̃ can be found in the ABAQUS manual or other CFD literature. 

Compared to the one-parameter Spalart-Allmaras equation, in which the transport equation is solved to 

estimate the turbulent viscosity,  in  𝑘 − 𝜖 turbulence models, the transport equation is solved to estimate 

two parameters, such as turbulence kinematic energy (𝑘) and turbulence dissipation rate (𝜖). This requires 

an additional two equations for solving 𝑘 − 𝜖 turbulence models. These are given as follows: 

 

𝜌
𝜕𝑘

𝜕𝑡
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜐𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝜐𝑡𝑆

2 − 𝜌𝜖                            (8.9) 

and 
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𝜌
𝜕𝜖

𝜕𝑡
=

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜐𝑡

𝜎𝜖
)

𝜕𝜖

𝜕𝑥𝑗
] +

𝜖

𝑘
(𝐶1𝜖𝜐𝑡𝑆

2 − 𝜌𝐶2𝜖𝜖)                            (8.10) 

 

In Eq. (8.9) and (8.10) 𝜎𝑘  and 𝜎𝜖  are, respectively, the turbulent Prandtl number for kinematic energy 

(𝑘) and turbulence dissipation rate (𝜖). 𝐶1𝜖 and 𝐶2𝜖 are two constants. Also in Eq. 8.9 and 8.10 the term 

𝑆  can be expressed in terms of the mean strain rate 𝑆𝑖𝑗  as: 

 

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗    ,     𝑆𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)                                  (8.11) 

 

Once Eqs. 8.10 and 8.11 are solved for kinematic energy (𝑘) and turbulence dissipation rate (𝜖), the 

turbulent kinematic or eddy viscosity 𝜐𝑡 in Eq. 8.7 can be estimated using: 

 

𝜐𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
                                                          (8.12) 

In Eq. 8.12 𝐶𝜇 is a constant. 

 

In the PWR SL pipe, thermal stratification is a major issue, which is being investigated in this work. 

The thermal stratification is a phenomenon mainly associated with flow mixing and differential fluid 

densities associated with differential fluid temperatures. However, the ABAQUS/CFD solver doesn’t 

allow using temperature-dependent densities as input material/fluid properties. To address this, the 

Boussinesq approximation is used. According to this equation, the density variation in the momentum 

equation is neglected except in the gravity or buoyancy term  𝜌𝒈. Accordingly, Eq. 8.3 can be rewritten 

as 

ρ0[
𝜕

𝜕𝑡
𝒖 + ∇. (𝒖 ⊗ 𝒖)] = −∇. p𝐈 + μ∇2𝒖 + 𝜌𝒈                                (8.13) 

 

In Eq. 8.13 the variable density 𝜌 associated with the buoyancy term 𝜌𝒈 is estimated through a variable 

volumetric thermal expansion coefficient,  𝛽. Using the Boussinesq approximation, the thermal expansion 

coefficient  𝛽 can be estimated from the following expression: 

 

(ρ − ρ0)𝒈 ≈ −ρ0β(θ − θ0)𝒈                                                        (8.14) 

 

In Eqs. 8.13 and 8.14, ρ0 and ρ represent fluid density at a reference and given temperature. Also, θ0 and 

θ represent the fluid temperature at reference and a given time. 

 

For CFD simulation involving non-isothermal (variable temperature) conditions (such as in the present 

case of SL temperature stratification), the energy equation has to be solved in addition to the continuity, 

momentum, and turbulence equations. The corresponding energy conservation equation for the fluid 

media is given as: 
𝜕

𝜕𝑡
(ρ𝐶𝑝𝜃) + ∇(𝜌𝐶𝑝𝜃𝒖) = 𝑄 + 𝜅∇𝜃                                                  (8.15) 
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where 𝐶𝑝, 𝜃, 𝑄, and 𝜅 are, respectively, the fluid specific heat or heat capacity at constant pressure, 

temperature, external heat supplied, and the coefficient of thermal conductivity. Equations 8.1 to 8.15 are 

for solving standalone CFD problems, for which the effect of energy transfer through a solid boundary is 

assumed negligible. However, to consider the effect of energy transfer through a solid boundary (for 

example, in the case of a surge line, the metal pipe is the solid boundary), the energy equation for solid 

has to be solved coupled with the energy equation for a fluid (Eq. 8.15). The energy equation for metallic 

solid is given as: 

𝜕

𝜕𝑡
(ρs𝐶𝑝

𝑠𝜃𝑠) = 𝑄𝑠 + 𝜅𝑠∇𝜃𝑠                                                  (8.16) 

 

In Eq. 8.16,  ρs, 𝐶𝑝
𝑠 , 𝜃𝑠, 𝑄𝑠, and 𝜅𝑠 are, respectively, the density, specific heat capacity, solution-

dependent temperature, external heat applied, and coefficient of thermal conductivity of a solid, in this 

case, of SL pipe. ABAQUS through its fluid structure interaction (FSI) feature simultaneously solves the 

fluid and solid energy equations (Eqs. 8.15 and 8.16) along with CFD-related continuity, momentum, and 

turbulence equations. Throughout this report, we use the abbreviations “CFD-HT” to refer to the coupled 

CFD- and FSI-based heat transfer analysis.   

 

8.2 Finite Element Model Information 

 

8.2.1 Finite element model 

 

ABAQUS software was used for modeling the flow behavior, heat transfer, and stress-strain state of a 

PWR SL pipe. The overall aim of ANL’s environmental fatigue work is to extend the ANL-developed 

fully mechanistic approach (discussed in the Sections 2 to 7) to component-level fatigue evaluation. For 

component-level fatigue evaluation and stress analysis, it is essential to know the thermal-mechanical 

boundary condition. In this work, we have selected the PWR SL pipe as a benchmark component, since it 

is one of the most vulnerable components in the context of environmental fatigue.  The stainless steel SL 

pipe experiences a higher fatigue usage factor due to thermal stratification associated with temperature 

difference between its pressurizer (PRZ) end nozzle and hot leg (HL) end nozzle. For stress analysis it is 

essential to model the complex thermal stratification and then to estimate the nodal temperature in the SL 

pipe. The stress analysis and fatigue evaluation of SL pipes require CFD, heat transfer (HT), and structural 

analysis of the SL pipe. In this section three types of ABAQUS finite element models are developed. 

 

a) Standalone CFD models for preliminary parametric study on CFD solver selection, mesh size 

effects, etc.  

b) Conjugate or coupled CFD-HT model for SL pipe nodal temperature estimation. 

c) Thermal mechanical stress or structural (ST) analysis for stress-strain estimation. 
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Figure 8.1 shows the ABAQUS model of the SL and its connection locations with respect to the PRZ and 

HL. The dimensions of the SL pipe selected based on the data are given in [49]. Schedule 160 pipe with 

OD = 14 in. (355.6 mm) and thickness = 1.406 in. (35.712 mm) was considered for the SL pipe model. 

ABAQUS was used for the CFD, HT, and ST analyses. ABAQUS/CFD elements (either hexahedral 

FC3D8, i.e., 8-noded linear fluid brick element or tetrahedral FC3D4, i.e., 4-node linear fluid tetrahedron 

element) were used for modeling the inside fluid. ABAQUS/standard hexahedral elements (for ST: eight-

noded linear brick element C3D8, and for HT: eight-noded linear brick element DC3D8) were used for 

outside pipe HT and ST analysis. To avoid longer computations, only the SL pipe and inside fluid between 

PRZ and HL were considered. Figures 8.2a and 8.2b show the example hexahedral mesh for the inside 

fluid and pipe, respectively. Figure 8.2a shows typical observation locations, and these results will be 

discussed in the later part of this section.  

 

 

Figure 8. 1 ABAQUS model of surge line that connects the hot leg and pressurizer. 
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Figure 8. 2 Example hexahedral mesh of (a) SL inside fluid with highlighted observation nodes for 

which the related results are presented (b) SL outside pipe. 

 

8.2.2 Thermal-mechanical boundary conditions 

 

The SL pipe of a four-loop type PWR was CFD modeled to estimate the wall temperature and thermal 

stratification (if any) along the length of the SL line. In a PWR the SL pipe connects the hot leg and 

pressurizer. The major aim of the SL along with the pressurizer is to maintain the primary loop pressure 

of the PWR. The SL pipe may experience thermal stratification during various stages of plant heat-up, 

cool-down, and normal operation. To simulate the stratification condition during plant heat-up, cool-

down, and normal operation, the flow for entire flow cycles must be modeled. Figure 8.3 shows an 

example of the PRZ and HL end temperature boundary condition of SL pipe for heat-up, cool-down, and 

normal operation (only for a few hours). Because this is a preliminary effort, we have not considered the 

detailed heat-up, cool-down, and normal operation sequences. Rather, only a transient condition is 

simulated, with the primary aim of performing a parametric study for selecting the appropriate CFD solver, 

mesh size, CFD-HT modeling capability, etc. This is to save computational time. The full cycle simulation 

is one of our future tasks. For the discussed model, a simulated situation during the transition from mode-

5 (cold shutdown) to mode-4 (hot shutdown) is considered. During this transition, it is assumed that the 

HL and pressurizer would be at 55 oC and 218.1 oC, respectively. During this period, the temperature 

difference between the HL and pressurizer is assumed to be highest and can result in a higher thermal 

stratification effect, which can lead to a higher fatigue usage factor. The mode-5 to mode-4 transition 

regime is highlighted in Figure 8.3. During this transition, an upset event can lead to in-surge and out-

surge flow in the SL, leading to a higher stratification-related fatigue usage factor. In-surge and out-surge 

conditions can occur during any time, such as plant heat-up, cool-down, and normal operation. However, 

the temperature difference between the pressurizer and HL governs the extent of thermal stratification and 

associated increased fatigue usage factor. The CFD, CFD-HT, and ST analysis were performed for the 

following out-surge and/or in-surge conditions: 
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a) Out-surge condition: The temperatures of the HL and pressurizer were assumed to be 55 oC and 

218.1 oC, respectively. The SL fluid and pipe temperatures were assumed to be 55 oC at initial 

condition. Due to an upset event, hotter pressurizer water would suddenly flow into the SL. 

b) In-surge condition: The temperatures of the HL and pressurizer were assumed to be 55 oC and 

218.1 oC, respectively. The SL fluid and pipe temperatures were assumed to be 218.1 oC at the 

initial condition. Due to an upset event, cooler HL water would suddenly flow into the SL. 

   

The above information was used for setting the thermal boundary condition of the CFD, CFD-HT, and 

ST models. During the transient conditions, the pressure in the coolant primary circuit is assumed equal 

to 2.2406 MPa. This is based on the full-cycle pressure information shown in Figure 8.4 (and also based 

on the temperature versus water saturation pressure curve shown in Figure 8.11). Also, note that prior to 

the start of the reactor coolant pumps during plant heat-up, the temperature of the coolant in the HL is 

approximately 55 oC. At that time, the temperature of pressurizer water would be as high as the saturation 

temperature, which corresponds to the pressure at which the reactor coolant pump can be started [49]. 

This is approximately 2.2406 MPa. The corresponding coolant temperature of the pressurizer would be 

218.1 oC (424.6 oF). During this time, the difference in temperature of the HL and pressurizer would be 

163.1 oC, which would be the highest compared to other instances of plant heat-up, cool-down, and normal 

operation. Because of this higher temperature gradient, the potential and extent of thermal stratification 

would be highest compared to any other non-accident condition events during plant heat-up, cool-down, 

and normal operations [49]. For the discussed CFD and CFD-HT models, a water pressure of 2.2406 MPa 

was set as the reference pressure; however, for the ST model this pressure was set as internal pressure. 

For the CFD model it is also essential to provide inlet and outlet velocity conditions. The inlet and outlet 

velocity of SL selected based on the assumed SL and HL mass flow rate. A detail parametric study with 

different SL and HL flow rates was performed; the details of the related mass flow rate can be found in 

the later part of this section. For most of the simulations except the parametric study on the effect of 

different SL flow rates (refer to section 8.3.5), the SL mass flow rate was assumed equal to 50 gpm. 

However, the actual SL flow rate depends on the plant type and the particular steps followed during the 

heat-up and cool-down operations. For the HL, the maximum flow rate was assumed to be equal to 69,020 

gpm. Note that for a typical 4-loop Westinghouse type reactor [65], the total mass flow rate in the reactor 

is approximately 869,020 gpm. With this value, the approximate mass flow rate in a HL at 100 % power 

is assumed equal to 869,020/4=69,020 gpm. For most of simulation cases except the parametric study on 

effect of different HL flow  rates (refer section 8.3.6), the HL mass flow rate was assumed equal to 3451 

gpm (i.e., 5 % of the HL flow rate at 100% power).  

 

In addition to above-mentioned temperature/pressure/velocity boundary conditions for CFD and CFD-

HT models, it is also essential to model the displacement boundary condition of the SL pipe for ST 

analysis. For ST analysis, both the HL and pressurizer end of the SL pipe were constrained in all directions, 

with all translational and rotational components assumed to be zero. Also, for simplicity the intermediate 

supports and seismic restraints of the SL are not modeled. 

 

 

 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve: Rev.1 
August  2018 
 

     ANL/LWRS-17/03 Rev. 1 
  

101 

 

Figure 8. 3 Pressurizer and HL temperature during plant heat-up, cool-down, and normal operation. 

Mode-5 to Mode-4 transition regime (which is considered in the discussed results) is also highlighted. 

 
Figure 8. 4 Example pressure history of the primary loop during plant heat-up, cool-down, and normal 

operation. Mode-5 to Mode-4 transition regime (which is considered in the discussed results) is also 

highlighted. 
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8.2.3 Material properties 

 

The CFD model requires values of water properties (Eqs. 8.1-6.15) such as density (𝜌), dynamic 

viscosity (μ), specific heat capacity at constant pressure (𝐶𝑝), and thermal conductivity (𝑘). Note that we 

assume an incompressible flow condition with constant density. However, temperature-dependent 

densities were modeled with the Boussinesq  approximation (Eq. 8.14). Figure 8.5 shows a comparison of 

the temperature-dependent density (ρ) of water determined from the original IAEA data base [66] and 

Boussinesq  approximation-based estimated densities. The Boussinesq  approximation-based densities 

were estimated by considering fixed and variable volume expansion coefficients. The fixed or 

temperature-dependent (variable) volume expansion coefficients (𝛽) of water were estimated with the 

Boussinesq approximation (Eq. 8.14) and original temperature-dependent density shown in Figure 8.5. 

Note that, for estimating the expansion coefficients (𝛽) the reference temperature was considered to be 55 
oC. The corresponding density was considered as the reference density. The fixed expansion coefficients 

(𝛽) was estimated as at a temperature of 136.55 oC, which is the mid temperature between 55 oC and 218.1 
oC. Figure 8.6 shows the estimated temperature-dependent volume expansion coefficients (𝛽) of water. 

Figures 8.7 to 8.11 show other required water properties such as dynamic viscosity (μ), heat capacity (𝐶𝑝), 

thermal conductivity (k), Prandtl number, and water saturation pressure, respectively. For coupled CFD-

HT it is also required to provide the thermal properties of SL metallic pipe (refer to Eq. 8.16).   The 

respective temperature-dependent solid/pipe properties [1], such as thermal conductivity (𝜅𝑠) and specific 

heat capacity (𝐶𝑝
𝑠), are shown in Figures 8.12 and 8.13. Note that 316 SS is considered as the SL pipe 

material. The solid/pipe density ( ρs) was assumed fixed and equal to 8000 kg/m3. The ST analysis 

requires other properties, such as thermal expansion coefficients and elastic-plastic properties of 316 SS 

pipe material. Figure 8.14 shows the temperature-dependent expansion coefficient ( αs) of 316 SS pipe 

material. The elastic-plastic material used for the transient stress analysis under out-surge and in-surge 

conditions (refer section 8.5) is based on the ANL-conducted tensile tests. The related elastic-plastic 

properties are given in Table 8.1. We also used ANL’s cyclic tests based on elastic-plastic properties for 

the cyclic stress analysis (discussed in Section 9). The related input material properties are discussed in 

Section 9.  

 

Table 8. 1 Elastic-plastic material properties for 316SS estimated from ANL tensile test data 
Temp. 

(°C) 

Elastic 

modulus 

(GPa) 

Elastic limit as yield limit 0.05% offset strain limit 

as yield limit 

0.1% offset strain limit as 

yield limit 

0.2% offset strain limit as 

yield limit 

σy 

(MPa) 

C1 

(MPa) 

γ1 σy 

(MPa) 

C1 

(MPa) 

γ1 σy 

(MPa) 

C1 

(MPa) 

γ1 σy 

(MPa) 

C1 γ1 

22 175.1 183.61 34159 292.9 217.41 11927 100.71 233.63 7779.4 61.011 249.58 5420.6 39.88 

300 157.92 130.73 10085 149.97 145.03 4673.3 52.043 150.72 3714.3 34.023 155.77 3234.2 25.038 
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Figure 8. 5 Temperature-dependent density (ρ) of water. 

 

Figure 8. 6 Temperature-dependent volume expansion coefficient (𝛽) of water. Estimated using 

Boussinesq  approximation (Eq. 8.14) and temperature-dependent density.  
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Figure 8. 7 Temperature-dependent dynamic viscosity (μ) of water.  

 

Figure 8. 8 Temperature-dependent heat capacity (𝐶𝑝) of water. 
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Figure 8. 9 Temperature-dependent thermal conductivity (𝑘) of water. 

 

Figure 8. 10 Temperature-dependent Prandtl number. 
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Figure 8. 11 Temperature-dependent water saturation pressure.  

 

Figure 8. 12 Temperature-dependent thermal conductivity (𝜅𝑠) of 316 SS.  
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Figure 8. 13 Temperature-dependent specific heat capacity (𝐶𝑝
𝑠) of 316 SS  

 

Figure 8. 14 Temperature-dependent coefficient of thermal expansion ( αs) of 316 SS . 
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8.3 Stand-alone CFD Results 

 

The first few stand-alone CFD simulations were performed for parametric evaluation of the CFD 

model under different conditions. Stand-alone CFD models are computationally less expensive compared 

to CFD-HT fluid-structure-interaction models. Parametric studies were performed for the following cases 

discussed below. 

 

8.3.1 Effect of different type of CFD solver 

 

In our last half yearly report we presented some preliminary CFD results using only the ILES type 

solver. Although ILES type solvers are used for industrial application, they may not capture the turbulence 

behavior of SL flow. In this work two additional CFD models (specifically designed to handle turbulence), 

such as Spalart-Allmaras (Eq. 8.8) and 𝑘 − 𝜖 (Eq. 8.9 and 8.10) models, are studied. In our last report 

(ANL/LWRS-17/01) we presented preliminary CFD simulation results under a simulated full reactor 

cycle. However, we had decided to first perform the parametric study of different solvers and their efficacy 

under transient conditions. For the purpose of the CFD solver parametric study, the out-surge condition 

(refer to section 8.2.2 for boundary conditions) was simulated. Figure 8.15 shows the comparative results. 

For example, Figures 8.15a1 and a2, respectively, show the temperature contour from the 𝑘 − 𝜖 model 

simulation  (left inset figures show temperature iso-surfaces near the HL end of SL) at end of 500 s and 

the temperature-time history at different nodes (along the length of SL, as shown  in Figure 8.2a). Figures 

8.15(b1 and b2 and c1 and c2 show the corresponding results obtained by using the Spalart-Allmaras and 

ILES models. Figure 8.15 indicates that the ILES type solver gives completely different results compared 

to the 𝑘 − 𝜖 and Spalart-Allmaras models. It also shows that both 𝑘 − 𝜖 and Spalart-Allmaras models 

give similar results. Figure 8.16 shows a direct comparison of  the temperature history at the PRZ-end 

node, mid node, and HL-end node of the SL, which are simulated using the 𝑘 − 𝜖 , Spalart-Allmaras, and 

ILES CFD models. Previous work [50-63] used  𝑘 − 𝜖  or variant of  𝑘 − 𝜖 type CFD models for the SL 

or pipe for simulations. Based on the results reported in this section (Figures 8.15 and 8.16) and literature 

data, it seems that the 𝑘 − 𝜖  type solver is a better option compared to the ILES type solver. For the 

results discussed onward, only the 𝑘 − 𝜖  type solver was used for obtaining the stand-alone CFD or 

CFD-HT fluid-structure interaction models. Note that with use of  8 CPU  (in a Dell Precision Tower 7810 

workstation), the approximate simulation time for the 𝑘 − 𝜖 , Spalart-Allmaras, and ILES solvers were 

31.9, 23.9, and 29 min, respectively.  
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Figure 8. 15 CFD simulation results of SL for out-surge case. Sub figure pairs (a1 and  a2), (b1 and  

b2), and (c1 and  c2) show  temperature contours (left inset figures show temperature iso-surfaces  near 

HL end of SL) at end of 500 s and temperature-time history at different nodes (along the length of SL as 

shown  in Figure 8.2a) for 𝑘 − 𝜖, Spalart-Allmaras, and ILES models. 
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Figure 8. 16 Comparison of temperature history at PRZ-end node, mid node, and HL-end node of 

SL, which are simulated by using 𝑘 − 𝜖, Spalart-Allmaras, and ILES stand-alone CFD models. 

 

8.3.2 Effect of finite element type  

 

All the results discussed in the above section were obtained from CFD models based on a hexahedral 

fluid element (FC3D8:  8-noded linear fluid brick element). To study the effect of finite element type on 

CFD results, we used a model that simulated a tetrahedral fluid element (FC3D4: a 4-node linear fluid 

tetrahedron). Both the hexahedral and tetrahedral meshes were generated using elements with the same 

maximum length of 35.71 mm and 62.492 mm along the circumferential and axial directions, respectively. 

The radial direction length was chosen between 8.9275 mm and 35.71 mm. These element size selections 

resulted in an average aspect ratio of 3.8 and 2.72 for the hexahedral and tetrahedral mesh, respectively. 

With this element size selection, the number of elements for hexahedral mesh was 55,480.  For tetrahedral 

mesh the number of elements was 158,564. Figure 8.17 shows the temperature contour (left inset figures 

show temperature iso-surfaces near HL end of SL) at end of 500 s and temperature-time history at different 

nodes (along the length of SL, as shown in Figure 8.2a). Figure 8.18 shows a direct comparison of the 

temperature history at the PRZ-end node, mid node, and HL-end node of the SL, which are simulated by 

using hexahedral and tetrahedral FE meshes. Comparing Figure 8.17 (a1 and a2) with Figure 8.15 (a1 and 

a2) indicates that hexahedral and tetrahedral mesh produce similar results, although there is no exact 

match, as can be seen from Figure 8.18. However, while the hexahedral mesh-based model took 31.9 min 

of simulation time (in a Dell Precision Tower 7810 workstation), the corresponding tetrahedral mesh-

based model took much longer,11 h 45 min. This comparison shows that hexahedral mesh is economical 

in computation time compared to the tetrahedral mesh, at least for the discussed SL-CFD models. So for 

discussed model results in the remainder of the section, only the hexahedral mesh was used. 
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Figure 8. 17 CFD simulation results of SL with tetrahedral mesh: (a1) temperature contour (left inset 

figures show temperature iso-surfaces near HL end of SL) at end of 500 s, (a2) temperature-time history 

at different nodes (along the length of SL as shown in Figure 8.2a)  

 

 

 

Figure 8. 18 Comparison of temperature history at PRZ-end node, mid node, and HL-end node of 

SL, which are simulated using hexahedral and tetrahedral meshes. 
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8.3.3 Effect of finite element size 

 

3.8.), Figures 8.19a1 and a2 were obtained from a finer mesh model with total 167,640 hexahedral 

elements. (The maximum lengths along the circumferential and axial directions are 35.71 mm and 31.246 

mm, respectively, and the radial direction length is between 8.9275 mm and 35.71 mm. The average aspect 

ratio of elements = 2.01.)  Figure 8.20 shows a direct comparison of the temperature history at the PRZ-

end node,, mid node, and HL-end node of the SL, which are simulated by using the above-mentioned 

coarser mesh and finer mesh models. From Figures 8.15, 8.19, and 8.20, we concluded that the coarser 

and finer mesh model produce very similar results, although the finer mesh model took much more 

computational time (CPU time = 2.156 h) compared to the finer mesh model (CPU time = 31.9 min). With 

this observation, the coarser mesh model with 55,480 hexahedral elements was selected for both CFD and 

CFD-HT simulations for all further discussed results. Note that our overall aim was to perform 

computationally intensive CFD-HT simulations (results discussed in the later part of this section), and 

full-cycle CFD-HT and ST simulation is one of our future tasks. Hence, we tried to restrict the mesh size 

as much as possible, while maintaining the quality of the results.  

 

 

 

Figure 8. 19 CFD simulation results of SL with finer hexahedral mesh: (a1) temperature contour (left 

inset figures show temperature iso-surfaces near HL end of SL) at end of 500 s and (a2) temperature-

time history at different nodes (along the length of SL as shown in Figure 8.2a). 

 

 

 

 

 

 

 

 

 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve: Rev.1 
August  2018 
 

     ANL/LWRS-17/03 Rev. 1 
  

113 

 

Figure 8. 20 Comparison of temperature history at PRZ-end node,, mid node, and HL-end node of 

SL, which are simulated by using coarser and finer hexahedral meshes. 

 

8.3.4 Effect of buoyancy and variable density 

 

Natural convection or buoyancy has a significant effect on SL flow, because the pressurizer that 

connects one end of the SL is at higher level compared to the majority of the SL pipes (refer Figure 8.1). 

Also, variable temperature associated with stratified flow can lead to variable density flow in SLs. 

However, ABAQUS/CFD software doesn’t allow modelling of variable density as fluid properties. To 

alleviate this issue, variable or temperature-dependent density was modeled through use of temperature-

dependent volumetric expansion coefficients.  As mentioned in section 8.1, this is to model the buoyancy 

term 𝜌𝒈 in Eq. 8.13. The equivalent volumetric thermal expansion coefficients  𝛽 were estimated with the 

Boussinesq approximation (Eq. 8.14). To study the effect of the buoyancy term 𝜌𝒈 in Eq. 8.13, three CFD 

model cases were examined:  (1)  variable 𝛽  (which can equivalently model variable density), (2) constant 

𝛽  (which can equivalently model constant density), and (3) no value for  𝛽  (which can equivalently 

without modeling any buoyancy effect). Note that all the results discussed earlier in this section are based 

on using incompressible CFD models, but with variable 𝛽. For example, the results shown in Figure 

8.15a1 and a2 are from a model using a variable 𝛽 out-surge case. These figures show the temperature 

contour at the end of 500 s and the temperature-time history at different nodes (along the length of SL as 

shown in Figure 8.2a). Figure 8.21 a1 and a2 and b1 and b2 show the corresponding results obtained from 

a constant 𝛽 CFD model and a model with no buoyancy effect (𝛽 = 0).  Figure 8.22 shows a direct 

comparison of the temperature history at the PRZ-end node,, mid node, and HL-end node of the SL, which 

are simulated by using variable 𝛽, constant 𝛽, and 𝛽 = 0, respectively. Figures 8.15, 8.21, and 8.22 show 

that temperatures simulated from the model with  𝛽 = 0 are much different compared to mode-l with 
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variable and constant 𝛽. This difference is because the buoyancy effect is not modeled, although there is 

a significant effect of gravity or natural convection on the SL flow due to the high position of the 

pressurizer with respect to the HL.  

 

Figures 8.15a1 and a2 and 8.21a1 and a2 indicate that the constant 𝛽  model gives similar results as 

the variable 𝛽 model. The similarity in results is due to the selected simulation temperature range (55 oC 

to 218.1 oC), for which variable 𝛽 does not play much of a role. This is more evident from Figure 8.5, 

which shows a comparison of regenerated density using variable 𝛽  with regenerated density using 

constant 𝛽. This figure indicates that, within the selected simulation temperature range of 55 oC to 218.1 
oC, the density curve for temperature versus constant 𝛽 is almost identical with that for temperature versus 

variable 𝛽. For the constant 𝛽 case, the value of 𝛽 was selected at a temperature of 136.55 oC, which is 

the mid temperature between 55 oC and 218.1 oC. Ideally, for this transient simulation with temperature 

range of 55 oC to 218.1 oC, selection of 𝛽 at 136.55 oC would give similar results as variable 𝛽 models. 

However, for better accuracy, the variable 𝛽 model was selected for discussed results in the remainder of 

the section.  

 

Figure 8. 21 CFD simulation results of SL for out-surge case. Figure pairs (a1 and  a2), (b1 and  b2), 

and (c1 and  c2) show  temperature contours (left inset figures show temperature iso-surfaces  near HL 

end of SL) at end of 500 s and temperature-time-history at different nodes (along the length of SL, as 

shown  in Figure 8.2a) for 𝛽 = constant and 𝛽 = 0 models. 
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Figure 8. 22 Comparison of temperature history at PRZ-end node, mid node, and HL-end node of 

SL, which are simulated by using model with 𝛽 = 𝑓(𝜃) , 𝛽 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, and 𝛽 = 0. 

 

8.3.5 Effect of SL mass flow rate 

 

The SL flow rate can significantly affect the extent of thermal stratification. The flow rate in SL varies 

according to plant operating procedures and can vary widely from plant to plant. A flow rate of 25-100 

gpm is reported in the literature [50-63] We selected a similar flow rate for the parametric studies 

discussed in this section. To understand the effect of SL flow rate, stand-alone CFD simulations were 

performed with SL flow rates of 10 gpm, 50 gpm, 100 gpm, and 200 gpm. For this parametric study when 

the SL flow rate was varied, the HL flow rate was assumed to be 5% of the full power flow with a flow 

rate of 3451 gpm. Note that at 100% power, the flow rate at each HL is approximately 69,020 gpm (refer 

to section 8.2.2). A parametric study for the effect of HL flow rate follows.  

Figures 8.23, 8.24, and 8.25 show the results related to the parametric study of SL mass flow rate. For 

example, Figure 8.23 shows the temperature contour of the SL obtained by considering different SL mass 

flow rates. Figure 8.24 shows the corresponding temperature history at selected nodes of the SL (as 

highlighted in Figure 8.2). Form Figure 8.23 and 8.24, it clearly can be seen that a substantial effect is 

associated with SL mass flow rate. As the flow rate increases, the extent of stratification decreases. Figure 

8.25 shows a direct comparison of temperature histories (at mid node of SL) obtained from different cases. 

The curves indicate that, as the mass flow rate of SL increases, the rate of the temperature rise increases. 

This leads to a faster spread of high temperature fluid (from pressurizer) along the length of the SL, leading 

to lesser stratification duration. This type of information can be used as a mitigation strategy to reduce 

thermal stratification related to fatigue damage in SL pipes. However, faster flow can lead to thermal 

shock that could be more dangerous than a lower flow rate. Exhaustive CFD, HT, and ST analyses are 
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required to ascertain the extent of associated thermal fatigue damage (or usage factor). However, this is 

not the main scope of the discussed work.  

 

 

Figure 8. 23 SL temperature at end of 500 s for out-surge case with SL mass flow rate (a1) 10 gpm, 

(a2) 50 gpm, (a3) 100 gpm, and (a4) 200 gpm. 
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Figure 8. 24 SL temperature history for out-surge case with SL mass flow rate (a1) 10 gpm, (a2) 50 

gpm, (a3) 100 gpm, and (a4) 200 gpm. 

 

Figure 8. 25 Comparison of temperature history at a mid-node (refer to Figure 8.2a) of SL, which is 

simulated with 10 gpm , 50 gpm, 100 gpm, and  200 gpm of SL mass flow rate.  
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8.3.6 Effect of HL mass flow rate 

 

In addition to the effect of the SL mass flow rate, the effect of the HL mass flow rate was studied. 

CFD models with HL flow rate equivalent to 0% power (𝑚𝐻𝐿̇  = 0 gpm), 5% power (𝑚𝐻𝐿̇  = 3451 gpm), 

50% power (𝑚𝐻𝐿̇  = 34,510 gpm), and 100% power (𝑚𝐻𝐿̇  = 69020 gpm) were simulated. While the HL 

mass flow rate was varied (for the above discussed cases), the mass flow rate of SL was kept fixed at 50 

gpm. Figures 8.26, 8.27, and 8.28 show the related simulation results. Figure 8.26 shows the temperature 

contour of the SL obtained by considering different HL mass flow rates. Figure 8.24 shows the 

corresponding temperature histories at selected nodes of the SL (as highlighted in Figure 8.2). Figure 8.28 

shows a direct comparison of temperature histories (at mid-node of SL) obtained from the above-

mentioned cases. These figures indicate that the HL flow rate has no significant effect on the extent of 

stratification. Note that, for the discussed model, the SL and HL junctions (refer to Figure 8.1) were kept 

perpendicular to each other. This condition could be a reason why there is not much effect of HL velocity 

on extent of thermal stratification in the SL pipe. Ideally, other cases could have been simulated with 

different SL-HL joining angles, but it is not our primary goal to study each and every case. Through the 

discussed work we want to make a case that different variables may or may not affect the extent of thermal 

stratification in SL pipes. Hence, it is required to consider those variables for more accurate stress analyses 

and fatigue evaluations.  

 

 

Figure 8. 26 SL temperature at end of 500 s for out-surge case with HL mass flow rate (a1) 0 gpm, 

(a2) 3451 gpm, (a3) 34,510 gpm, and (a4) 69,020 gpm. 
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Figure 8. 27 SL temperature history for out-surge case with HL mass flow rate (a1) 0 gpm, (a2) 3451 

gpm, (a3) 34,510 gpm, and (a4) 69,020 gpm. 

 

Figure 8. 28 Comparison of temperature history at a mid-node (refer to Figure 8.2a) of SL, which are 

simulated with 0 gpm, 3451 gpm, 34,510 gpm, and  69,020 gpm of HL mass flow rate.  



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal Stratification and an 

Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N Curve: Rev.1 

  August  2018 
 

ANL/LWRS-17/03 Rev. 1 120 

8.4 CFD-HT Fluid Structure Interaction Model Results 

 

All the above discussed results were obtained with the ABAQUS stand-alone CFD code. For those 

models, only the inside fluid of the SL pipe was simulated. This is to save computational time while 

performing various parametric studies. However, the outer metallic pipe may affect the heat transfer in 

the SL fluid. Hence, it is essential to include the metallic pipe in the CFD simulation. For the purpose of 

ABAQUS, a co-simulation or FSI feature was used to model the heat transfer of both the inside fluid and 

outside pipe. Using this FSI capability of ABAQUS, CFD-HT was performed to simulate out-surge and 

in-surge flow conditions in the SL pipe. The resulting temperature distribution in the outer pipe was later 

used for stress analysis. These results are discussed in the following section. For both the out-surge and 

in-surge, a SL mass flow rate of 50 gpm and HL mass flow rate of 3451 gpm (equivalent of 5% of the full 

power mass flow rate) were considered. The details of the temperature and flow direction are given in 

section 8.2.2. Unlike the previous discussed results for which the simulations were conducted for 500 s, 

the simulations were for 2000 s in the cases discussed below.  

 

8.4.1 CFD-HT fluid structure interaction model results for out-surge case 

 

The out-surge case results obtained through the CFD-HT fluid structure interaction model are shown 

in Figures 8.29 to 8.32.  Figure 8.29 shows a comparison of the temperature contour (at different times) 

of the OD surface of the SL fluid obtained from the stand-alone CFD and CFD-HT models. Figure 8.30 

shows the SL fluid temperature history at selected nodes for the stand-alone CFD and CFD-HT fluid 

structure interaction models. Figure 8.31 shows a direct comparison of the temperature history at the PRZ-

end node, mid node, and HL-end node of the SL fluid, simulated using stand-alone CFD and CFD-HT 

models. Figure 8.32 shows the OD surface temperature contour (at different times) generated by the CFD-

HT model for the SL metallic pipe. Figures 8.29 to 8.31 clearly show that the inside fluid temperature, 

simulated by considering the metallic outer pipe, is significantly different compared to that simulated 

without considering the outer pipe. It also can be seen that the temperature rise in the stand-alone CFD 

model is faster compared to the CFD-HT model. Nevertheless, it is always better to consider 

computational models that are closer to the actual physical system. Hence, we considered the CFD-HT 

model for further stress analysis, although it took much more computational time compared to the stand-

alone CFD model.  

 

For the simulation time of 2000 s the 8 CPU (in a Dell Precision Tower 7810 workstation) CFD-HT 

model took 20.5 h, whereas the stand-alone CFD model took only 1 h. From this transient simulation case, 

it can be imagined how computationally expensive it would be if a full cycle (heat-up, cool-down, and 

normal operation, as shown in Figure 8.3) were modeled. Note that full-cycle CFD-HT and ST analysis 

of SLs under design-basis normal operating condition and the grid-load-following condition are future 

tasks.  
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Figure 8. 29 Comparison of temperature contour (at different times) of OD surface of SL fluid for 

stand-alone CFD and CFD-HT models (both under out-surge condition). 
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Figure 8. 30 Temperature history at selected nodes (refer to Figure 8.2a) under out-surge case for SL 

determined with (a1) standalone CFD model and (a2) CFD-HT model. 

 

 

 

Figure 8. 31 Comparison of temperature history at PRZ-end node, mid node, and HL-end node of 

SL, simulated using stand-alone CFD and CFD-HT models (both under out-surge condition).  
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Figure 8. 32 OD surface temperature contour (at different times) of SL metallic pipe under out-surge 

condition determined with CFD-HT model.  

 

8.4.2 CFD-HT fluid structure interaction model results for in-surge case 

 

The in-surge case simulation was conducted with the CFD-HT fluid structure interaction model only. 

Figures 8.33 to 8.35 show the related results. Figure 8.33 shows the OD surface temperature contour of 

SL fluid at different times. The corresponding OD surface temperature contours of SL metallic pipe at 

different instances are shown in Figures 8.34. Figure 8.35 shows the temperature history at selected nodes 

(refer to Figure 8.2a) of SL fluid. Note that for the in-surge case the simulation time of 2000 s took 29.93 

h in an 8 CPU computer (in a Dell Precision Tower 7810 workstation). 
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Figure 8. 33 OD surface temperature contours (at different times) of SL fluid under in-surge 

condition determined with the CFD-HT model.  
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Figure 8. 34 OD surface temperature contours (at different times) of SL metallic pipe under in-surge 

condition determined with the CFD-HT model.  
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Figure 8. 35 SL temperature history at selected nodes (refer to Figure 8.2a) under in-surge case 

determined with the CFD-HT model.  

 

8.5 Stress Analysis Results 

 

The nodal temperature history generated through the CFD-HT model was further used in structural 

analysis (ST) models. The ST models were developed for both out-surge and in-surge cases. The related 

results are discussed below. 

 

8.5.1 Structural analysis model results for out-surge case 

 

The out-surge ST analyses were conducted for different cases with different material properties. The 

details of the material properties are given in section 8.2.3.  Both elastic and elastic-plastic stress analyses 

were conducted. Different elastic-plastic analyses with different yield conditions (refer to Table 8.1) were 

considered, such as 0.05%, 0.1%, and 0.2% offset-strain limit stress as the yield stress. Related results are 

presented in Figures 8.36 to Figure 8.44. Figure 8.36 shows the (elastic limit as yield stress case) contour 

plots of von Mises stress, maximum principal total strain, maximum principal thermal strain, and 

maximum principal plastic strain. This figure indicates that the maximum von Mises stress is at the HL 

end of the SL pipe and is 232.1 MPa. The maximum principal total strain, maximum principal thermal 

strain, and maximum plastic strains are 0.726%, 0.282%, and 0.332 %, respectively. These results show 

that the observed strain, particularly the total strain and plastic strain, are significant for only one transient 

loading. This may be one of the major reason why the SL pipe experiences higher thermal fatigue usage 

factor. A detailed cyclic analysis will reveal more information on this, which is one of our future tasks. 
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For this simulation case (with elastic limit as yield limit), Figure 8.37 shows time-dependent von Mises 

stress, maximum principal total strain, maximum principal thermal strain,  and plastic strain at the typical 

PRZ-end and HL-end nodes. This figure shows that the stress is higher at the HL end of the SL, whereas 

all the strain quantities are higher at the PRZ end of the SL pipe. In addition to elastic limit as yield limit, 

other cases of stress analysis such as pure elastic analysis and different elastic-plastic analysis (with 

0.05%, 0.1% ,and 0.2% offset strain limit as the yield limit) were simulated. The comparative results of 

the von Mises stress, maximum principal total strain, maximum principal thermal strain, and plastic strain 

magnitude are presented in Figures 8.38 to 8.41, respectively. Figure 8.42 shows (with magnification 

factor =10) the relative displacement of the SL pipe at different times with a maximum displacement of 

45.21 mm. Figures 8.38 to 8.41 suggest that elastic stress analysis gives significantly different stress and 

strain compared to the elastic-plastic stress analysis results. An exception is the thermal strain, which is 

supposed to give same strain under both elastic and elastic-plastic analysis conditions, since thermal 

strains are linearly estimated for both elastic and elastic-plastic analysis. The finding of totally different 

stress and strain in the case of elastic analysis compared to more realistic elastic-plastic conditions 

questions the accuracy of widely followed fatigue evaluation approaches based on elastic analysis.  

 

To check the accuracy of this component-level stress analysis, the finite-element simulated maximum 

principal strain versus von Mises stresses at two typical integration points (elements near the PRZ and HL 

end of the SL pipe) are compared with respect to strain versus stress curves based on the 22 oC and 300 
oC tensile tests (elastic-plastic properties were used for discussed structural analysis models). The 

comparison can be seen in Figure 8.43. The curves indicate that the strain versus stress plot of the HL-end 

element (for which the temperature is approximately maintained at 55 oC, as shown in Figure 8.44) closely 

correlates with strain versus stress curve based on the 22 oC tensile test. Note that the input properties for 

yield stress at 22 oC and 300 oC were 183.61 and 130.730 MPa, respectively (for the present ST model 

with the elastic limit as yield limit). According to a linear interpolation, the corresponding yield stress at 

55 oC is 177 MPa. From a close examination of Figure 8.43, the HL-end element strain versus stress curve 

crossed into the plastic regime (from the initial elastic regime) at very close yield stress of 170.8 MPa. . 

As shown in Figure 8.44, the PRZ-end element experiences large variation of temperature before it 

saturates toward 218.1 oC (which is the PRZ temperature during the entire simulation). A similar trend in 

the strain versus stress curve for the PRZ element was also observed before saturating towards the strain 

versus stress curve for the 300 oC tensile test. With unavailability of costly component-level results, this 

type of validation of multi-axially loaded component stress-strain with uni-axial test data is noteworthy.  
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Figure 8. 36 Stress analysis (with elastic limit as yield limit) results for SL pipe under out-surge 

conditions: contour plots at end of 2000 s for (a1) von Mises stress, (a2) maximum principal total strain, 

(a3) maximum principal thermal strain, and (a4) maximum principal plastic strain.  

.  
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Figure 8. 37 Stress analysis (with elastic limit as yield limit) results for SL pipe under out-surge 

conditions: PRZ-end versus HL-end node time-dependent results for (a1) von Mises stress, (a2) 

maximum principal total strain, (a3) maximum principal thermal strain, and (a4) plastic strain 

magnitude. 

.  
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Figure 8. 38 Time variation of out-surge condition for maximum von Mises stress obtained using elastic 

(EL) and different elastic-plastic (EL-PL) yield conditions. 

 

Figure 8. 39 Time variation of out-surge condition for maximum principal total strain obtained using 

elastic (EL) and different elastic-plastic (EL-PL) yield conditions. 
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Figure 8. 40 Time variation of out-surge condition for maximum principal thermal strain obtained using 

elastic (EL) and different elastic-plastic (EL-PL) yield conditions. 

 

Figure 8. 41 Time variation of out-surge condition for plastic strain magnitude obtained using elastic 

(EL) and different elastic-plastic (EL-PL) yield conditions. 
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Figure 8. 42 Relative displacement of SL pipe at different times for out-surge case (magnification factor 

=10). 
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Figure 8. 43 Out-surge condition maximum principal strain versus von Mises stress at  two typical 

integration points (of elements near PRZ and HL end of SL pipe) and their comparison with respect to 

22 oC  and 300 oC  tensile test curves. Associated elastic-plastic properties were used for discussed 

structural analysis models. 

 

Figure 8. 44 Nodal temperature at the two elements near PRZ and HL end of SL pipe, where strain 

versus stress results are presented in Figure 8.43.  
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8.5.2 Structural analysis model results for in-surge case 

 

An ST analysis was also performed for the in-surge case by using the nodal temperature obtained 

through the CFD-HT model (refer to section 8.4.2) simulated under in-surge flow condition. This analysis 

was conducted under the elastic-plastic condition with the elastic limit as the yield-limit stress. Figure 

8.45 shows the corresponding contour plots of von Mises stress, maximum principal total strain, maximum 

principal thermal strain, and maximum principal plastic strain. Figure 8.46 shows time-dependent von 

Mises stress, maximum principal total strain, maximum principal thermal strain, and plastic strain at 

typical PRZ-end and HL-end nodes. Figure 8.47 shows the relative displacement of the SL pipe at different 

times (magnification factor =10), with a maximum displacement of 32.08 mm. 

 

 

 

Figure 8. 45 Stress analysis (with elastic limit as yield limit) results for SL pipe under in-surge 

conditions: contour plots at end of 2000 s for (a1) von Mises stress, (a2) maximum principal total strain, 

(a3) maximum principal thermal strain, and (a4) maximum principal plastic strain.  
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Figure 8. 46 Stress analysis (with elastic limit as yield limit) results for SL pipe under in-surge 

conditions: PRZ-end versus HL-end node time-dependent results for (a1) von Mises stress, (a2) 

maximum principal total strain, (a3) maximum principal thermal strain, and a4) maximum principal 

plastic strain. 
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Figure 8. 47 Relative displacement of SL pipe at different time for in-surge condition (magnification 

factor =10). 
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9 Fatigue Life Estimation of SL Pipe based on ANL Developed Fully Mechanistic 
Approach and ASME and NUREG-6909 Mandated S~N Curve based Approaches 
 

In this section we present the results related to fatigue live evaluation of SL pipe. Based on the earlier 

discussed CFD-HT and ST (single cycle) models, fatigue evaluations are performed under two loading 

scenarios such as for: 

a) SL pipe subjected to an imaginary strain-controlled loading condition. 

b) SL pipe subjected to actual stress-controlled loading condition. 

The related results are discussed below. 

 

9.1 Fatigue Life Estimation of SL Pipe under Imaginary Strain-Controlled Loading Conditions 

 

Fatigue evaluation under imaginary strain-controlled case performed using ANL developed cyclic-

plasticity based fully mechanistic model and ASME [1, 3] and NUREG-6909 [2, 67] mandated S~N curve 

based approaches. Results from both the approaches are discussed below. 

 

9.1.1 Strain-controlled case elastic-plastic analysis and fully mechanics based life estimation 

 

In our mechanics-based fatigue-modeling project, we are trying to develop an FE model framework 

based on an ANL-developed evolutionary cyclic plasticity model to estimate the life of nuclear reactor 

critical safety components. The overall picture of this modeling framework is shown in Figure 9.1. As 

shown in the flowchart, mechanics-based fatigue modeling starts with uniaxial fatigue experiments 

followed by material model (based on an evolutionary cyclic plasticity model) development along with 

material model parameter estimations. The details of this work and related results are discussed in Sections 

2 and 3. The next step is validation of the evolution cyclic plasticity model through analytical and 3D-FE 

modeling of the specimen. Results from the analytical and 3D-FE modeling of 316 SS specimens under 

uniaxial fatigue loading are presented in Sections 4 and 5, respectively. The 3D-FE implementation of 

evolutionary cyclic plasticity model is discussed in Section 2. In the final step, the developed FE model 

framework and material model parameters are utilized to extrapolate uniaxial fatigue test-based material 

behavior to a multiaxial domain for structural analysis of nuclear reactor components subjected to 

multiaxial fatigue loading. This section presents some preliminary results from the final step of proposed 

fully mechanistic fatigue evaluation framework.  

 

We performed an elastic-plastic analysis of the PWR SL pipe under strain control fatigue loading. The 

FE mesh of the PWR SL along with the boundary conditions and the direction of applied displacement is 

shown in Figure 9.2. We used fixed boundary conditions at two ends of the SL. Cyclic displacements 

equivalent to ±0.5% constant strain amplitude in z-direction were applied to nodes                                           
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near one of the ends, as shown in Figure 9.2b. The profile of the applied cyclic displacement is shown in 

Figure 9.2c. The constant amplitude strain control fatigue experiment (ET-F41) was performed with 0.5% 

strain amplitude. However, application of 0.5% strain amplitude is not totally absurd. Rather the 

motivation of selecting the strain amplitude is based on the CFD-HT and subsequent ST analysis results 

of SL pipe under outs-surge condition. The related structural analysis results are already discussed in 

section 8.5.1. As can be seen from Figure 8.36, due to instantaneous out-surge flow the pressurizer end of 

SL pipe experience a maximum principal strain magnitude of 0.726 %. The equivalent strain along the 

vertical direction (i.e. direction toward the pressurizer, refer Figure 8.1 and Figure 8.36 a2) is 

approximately in an order of 0.5%. However, unlike the actual case where the strain loading is multiaxial 

due to multiaxial actual thermal-mechanical loading, for the discussed fatigue evaluation case the strain 

was applied only along the vertical direction. There are two reasons for applying strain loading along only 

one direction: First, applying multiaxial strain loading at different nodes (according to actual loading 

conditions) in FE model is nearly impossible. Also, note that, no real-world structures are strain-

controlled. Second, we wanted to compare the life of the SL with the experimentally observed life of the 

uniaxial specimen (ET-F41), so we decided to keep the similar loading condition for the component. 

Through this imaginary loading case, we are trying to determine whether the FE framework based on the 

evolutionary cyclic plasticity model can be utilized for component-level elastic-plastic analysis and 

studying how the stress profiles in components differ (if any) from those in uniaxial fatigue specimens. 

 

We used the APSE-based modeling approach in which APSE-dependent material parameters are used 

to map the fatigue cycle/time-dependent material behavior under uniaxial to multiaxial loading conditions. 

The theoretical background of the APSE-based modeling approach is presented in Section 2. APSE-

dependent material parameters estimated from ET-F41 are used for the structural simulation of the PWR 

SL. Figure 9.3 shows the contour plot of the von Mises stress at a typical instant. As shown in the figure, 

maximum stress concentration occurs in the elements that are directly subjected to the applied deformation 

at one side (in the z-axis direction) and constrained to deform (all directions) at the other side because of 

the fixed boundary conditions. One of these elements, as shown in the magnified inset in Figure 9.3, is 

selected as the element of interest for analyzing the results from simulation. All the simulated stress-strain 

results presented are at the centroid of this element. 
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Figure 9. 1 Flowchart showing the steps in the ANL mechanics-based modeling. 
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Figure 9. 2 (a) FE mesh of the PWR surge line. Blue arrows at two ends show the fixed boundary 

condition and yellow arrows indicate the location and direction of applied cyclic displacement. (c) 

Profile of the applied cyclic displacement. 
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Figure 9. 3 Contour plot of the von Misses stress at an instant during the strain control fatigue 

loading shown in Figure 9.1. The highlighted element in the magnified inset is the element of interest. 

 

Figure 9.4 shows the simulated strain in the direction (z-axis) of applied displacement as a function of 

fatigue cycles. As shown in the figure, the strain amplitude is 0.5%. Note that the simulation was 

performed only for 100 fatigue cycles. The simulated stresses in the principal coordinate system are shown 

in Figures 9.5, 9.6, and 9.7 for maximum, mid, and minimum principal stress, respectively. The figures 

also compare the simulated principal stresses with the values calculated from the uniaxial fatigue 

experiment (ET-F41). Because of the multiaxiality, simulated principal stress amplitudes are very 

different from experimental amplitudes. However, because the evolutionary cyclic plasticity model uses 

von Mises stress for checking the yield criteria during elastic-plastic analysis, von Mises stress should be 

used for comparing simulation results with experimental observations.  
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Figure 9. 4 Simulated (elastic-plastic analysis) ɛz as function of fatigue cycles. 

 

 
Figure 9. 5 Simulated (elastic-plastic analysis) vs experimental maximum principal stress as function 

of fatigue cycles. Experimental results are shown for first 100 cycles. Simulation was performed for 

only 100 cycles. 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal 
Stratification and an Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N 
Curve: Rev.1 
August  2018 
 

     ANL/LWRS-17/03 Rev. 1 
  

143 

 
Figure 9. 6 Simulated (elastic-plastic analysis) vs experimental mid principal stress as function of 

fatigue cycles. Experimental results are shown for first 100 cycles. Simulation was performed for only 

100 cycles. 

 
Figure 9. 7 Simulated (elastic-plastic analysis) vs experimental minimum principal stress as function 

of fatigue cycles. Experimental results are shown for first 100 cycles. Simulation was performed for 

only 100 cycles. 
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The comparison between von Mises stress amplitudes of experimental observation and those of 

simulation is shown in Figure 9.8. In Figure 9.9, von Mises stress amplitudes during compression and 

tensile cycles are plotted separately, but the values of compression amplitudes are shown as negative for 

better visualization. Both figures indicate material hardening followed by softening in the simulated stress 

profile; this behavior is typical of 316 SS as observed during uniaxial fatigue tests. The value of maximum 

hardening von Mises stress from simulation is found to be 245.7 MPa, which is very close to the 

experimentally observed value (244.2 MPa). The simulated Tresca stress as function of fatigue cycles is 

shown in Figure 9.10. The maximum hardening Tresca stress is found to be 275.7 MPa, which is 1.13 

times the maximum hardening von Mises stress. Note that, the purpose of the discussed component level 

cycle-by-cycle stress analysis model is to check whether the ANL’s proposed evolutionary cyclic 

plasticity based approach can be used for component level cycle-by-cycle stress analysis or not. For the 

discussed results, the simulation was conducted for first 100 cycles. Although, the component level stress 

analysis shown in Figures 9.8 and 9.9 closely match with uniaxial test results, it is to be noted that the 

strain amplitude applied to the component is very similar, the way it is applied to the uniaxial specimen.  

Also note that to compare the simulation results with experiment, the observed Von-Mises stress (shown 

in Figures 9.8 and 9.9) are considered only from one of the elements (refer Figure 9.2b) to which the strain 

inputs were applied. For the discussed ideal or imaginary loading condition, the stress profile at other 

locations (other than the applied strain locations) can be much different compared to the simulated and 

experimental cyclic stress profile shown in Figures 9.8 and 9.9. This is due to the multi-axial effect.  

Furthermore, this type of idealistic strain-controlled loading conditions may not representative of the 

loading conditions under actual thermal-mechanical loading scenarios. Actual thermal-mechanical 

loading condition will be multi-axial loading and may lead to very different Von-Mises stress profile, and 

associated cyclic stress hardening/softening rate. Nevertheless, the purpose of the discussed exercise is to 

demonstrate the feasibility of cycle-by-cycle stress analysis of a realistic reactor component.  

 
Figure 9. 8 Simulated (elastic-plastic analysis) vs experimental von Mises stress amplitudes as 

function of fatigue cycles. 
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Figure 9. 9 Simulated (elastic-plastic analysis) vs experimental von Mises stress amplitudes (with 

negative sign during compression cycle) as function of fatigue cycles. 

 

 

Figure 9. 10 Simulated (elastic-plastic analysis) Tresca stress amplitudes as function of fatigue 

cycles. 
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The comparison between the APSE calculated from experimental data (ET-F41) and from simulation 

is shown in Figure 9.11. Because the material properties used for structural simulation of the SL are APSE 

dependent and estimated from the uniaxial fatigue test (ET-F41), the APSE can be attributed as the 

mapping between material behavior under uniaxial fatigue loading and in the component under multiaxial 

loading. As shown in Figure 9.11, the APSE increases linearly with the number of fatigue cycles in both 

experiment and simulation. By using the slope of the APSE-vs-fatigue cycles plot and the maximum APSE 

value (16344 MJ/m3) at the end of fatigue life of the specimen, we can predict the life of the component. 

Note that, due to long simulation time (for example 29 hrs for 20 fatigue cycles using 1cpu and 1gpu) the 

PWR SL component was simulated for only 100 fatigue cycles. Based on the slope of APSE-vs-fatigue 

cycles curve the life of the SL pipe can be predicted as 6796. We believe that the component would have 

failed at around similar number of cycles if the simulation had been continued.   

 

 
Figure 9. 11 Simulated (elastic-plastic analysis) vs experimental APSE as function of fatigue cycles. 
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9.1.2 Strain-controlled case ASME code and NUREG based life estimation 

 

We also performed elastic analysis of PWR SL under strain control loading to estimate the fatigue life 

under in-air and PWR environment at 300 °C. We used ASME [1, 3] criteria for fatigue life evaluation in 

air. Then, we used the environmental fatigue correction factor, described in Ref [2, 47, 67], to estimate 

the PWR environment fatigue life from the in-air fatigue life.  

 

For elastic analysis, we used the same FE mesh and boundary conditions as used for elastic-plastic 

analysis. The applied displacement amplitude and locations were also same. However, during elastic 

analysis cyclic displacement was applied only for one cycle. Since fixed elastic material properties are 

used for elastic analysis, it is expected that stress-strain would not evolve over time. Thus, it is justified to 

use stress-strain results from one fatigue cycle to evaluate fatigue life of the component. The FE mesh 

along with boundary conditions and applied displacement are shown in Figure 9.2. Similar to elastic-

plastic analysis (see Section 9.1), the elastic analysis was also done at 300 °C. The elastic modulus (316 

SS at 300 °C) used for analysis is given in Table 8.1. Figure 9.12 shows the contour plot of maximum 

principal stress distribution at an instant. Similar to the results from elastic-plastic analysis, the highest 

stress concentration is found to occur in the elements that are directly subjected to the applied deformation 

at one side and constrained to deform (all direction) at the other side due to the fixed boundary conditions. 

One of these elements, as shown in the magnified inset in Figure 9.12, is selected as the element of interest 

for analyzing the results from simulation. All the simulated stress-strain results presented here are at the 

centroid of this element. The simulated maximum, mid, and minimum principal stresses are shown in 

Figure 9.13. 
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Figure 9. 12 Contour plot (from elastic analysis) of the maximum principal stress at an instant during 

the strain control fatigue loading shown in Figure 9.1. The highlighted element shown in the magnified 

inset is the element of interest. 
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Figure 9. 13 Simulated (elastic analysis) maximum (σ1), mid (σ2), and minimum (σ3) principal stresses.   

 

 

We used the maximum (σ1) and minimum (σ3) principal stress histories, plotted in Figure 9.13, to 

estimate the equivalent cyclic stress amplitude σa at a given instant, i using the following expression: 

𝜎𝑎,𝑖 =
1

2
[𝜎1,𝑖 − 𝜎3,𝑖]                                                         (9.1) 

 

ASME code design by analysis rules (NB-3200) uses Tresca criterion for fatigue life estimation. 

According to Tresca criterion, the maximum shear stress at a point is equal to one-half the difference 

between the algebraically largest (𝜎1) and the algebraically smallest (𝜎3) of the three principal stresses at 

that point. Hence the estimation of stress amplitude 𝜎𝑎,𝑖 using Eq. 9.1 would result in estimating the shear 

stress at a given instant, i.  Figure 9.14 shows the stress amplitude history using Eq. 9.1. We then calculated 

the maximum stress amplitude (𝜎𝑎
𝑚𝑎𝑥) using Eq. 9.2.  

𝜎𝑎
𝑚𝑎𝑥 = max [𝜎𝑎,𝑖] − min [𝜎𝑎,𝑖]                                               (9.2) 

 

 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal Stratification and an 

Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N Curve: Rev.1 

  August  2018 
 

ANL/LWRS-17/03 Rev. 1 150 

According to ASME code [1, 3], the following equation needs to be used to calculate the allowable 

stress (𝑆́𝑎) which would be used to determine the in-air fatigue life at 300 °C from the ASME fatigue life 

curve for RT.  

𝑆́𝑎 = 𝐾𝑟𝐾𝑒𝑆𝑎
𝐸(𝑐𝑢𝑟𝑣𝑒)

𝐸(𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠)
                                                        (9.3) 

 

where 𝑆𝑎 is the calculated stress from analysis which in our case is 𝜎𝑎
𝑚𝑎𝑥. 𝐸(𝑐𝑢𝑟𝑣𝑒) is the modulus 

of elasticity given on the Design Fatigue curve, 𝐸(𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠) is the elastic modulus used for analysis. 𝐾𝑟 

is the roughness correction factor which is assumed to be 1. 𝐾𝑒 is the fatigue penalty factor. According to 

ASME code (equation KD-323.1 in Ref. [3]), 𝐾𝑒 can be calculated using following equation. 

 𝐾𝑒 =
(∆ɛ𝑡)𝑒𝑝

(∆ɛ𝑡)𝑒
                                                             (9.4) 

 

where (∆ɛ𝑡)𝑒𝑝 is the equivalent total strain range from elastic-plastic analysis, while (∆ɛ𝑡)𝑒 is the  

equivalent total strain range from elastic analysis. Using the maximum and minimum principal strain 

histories from elastic-plastic and elastic analyses, we determined the respective equivalent total stain range 

as follows: 

𝐾𝑒 =
𝑚𝑎𝑥[ɛ1−ɛ3]𝑒𝑝

𝑚𝑎𝑥[ɛ1−ɛ3]𝑒
                                                             (9.5) 

 

where ɛ1 and ɛ3 are maximum and minimum principal strains, respectively. Note that, the elastic-

plastic analysis (see Section 9.1.1) was performed for 100 fatigue cycles but we considered the results 

from only 1st fatigue cycle to estimate(∆ɛ𝑡)𝑒𝑝. Using the data from elastic-plastic and elastic analyses and 

Eq. 9.5, the value of 𝐾𝑒 was found 1.32.  

 

Using Eq. 9.3, the allowable stress, 𝑆́𝑎was found. Introducing this stress into ASME fatigue life curve 

(Figure 9.15) for RT, the in-air fatigue life at 300 °C is estimated. The estimated in-air fatigue life at 300 

°C is given in Table 9.1. We also determined the fatigue life assuming 𝐾𝑒 equal to 1 and the results are 

presented in Table 9.2. 
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Figure 9. 14 Stress amplitude history according to Eq. 9.1. 

 

 
Figure 9. 15 ASME code fatigue design curve for austenitic steel [1]. 
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We determined the fatigue live in PWR environment (𝑁𝑃𝑊𝑅) from in-air fatigue life (𝑁𝑎𝑖𝑟) by applying 

necessary environmental fatigue correction factor (𝐹𝑒𝑛) using following equation.  

𝑁𝑃𝑊𝑅 =
𝑁𝑎𝑖𝑟

𝐹𝑒𝑛
                                                                (9.6) 

 

According to NUREG-6909, Rev.1 [67], Fen for austenitic steel can be determined using: 

𝐹𝑒𝑛 = exp  (0.734 − 𝜃′𝑂′𝜖̇′)                                                      (9.7) 

 

where 𝜃′, 𝑂′, and 𝜖̇′ are transformed temperature, dissolved oxygen (DO), and strain rate, respectively, 

as follows:  

                                                                           𝜃′ = 0                    (𝜃 < 150 °C) 

                                                                       𝜃′ =
(𝑇−150)

175
               (150 °C ≤ 𝜃 < 325 °C) 

                                                                          𝜃′ = 1                     (𝜃 ≥ 325 °C)                           (9.8) 

 

                                                                           𝜖̇′ = 0                    (𝜖̇′ > 0.4%/s) 

                                                                      𝜖̇′ = ln (
𝜖̇

0.4
)               (0.0004 ≤ 𝜖̇′ ≤ 0.4%/s) 

                                                                    𝜖̇′ = ln (
0.0004

0.4
)             (𝜖̇′ < 0.0004%/s)                    (9.9) 

 

                                                                        𝑂′ = 0.281               (all DO levels)                      (9.10) 

 

We used the method described in NUREG/CR-6909 [2] to determine the maximum strain rate (𝜖̇). 
NUREG/CR-6909 suggests estimating the strain amplitude from the estimated principal stress histories. 

Based on the NUREG/CR-6909, the strain amplitude (ɛ𝑎,𝑖) at a given instant can be found using: 

ɛ𝑎,𝑖 =
1

2𝐸(𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠)
[𝜎1,𝑖 − 𝜎3,𝑖]                                       (9.11) 

 

The strain amplitude history estimated according to Eq. 9.11 is given in Figure 9.16. From the strain 

amplitude history, we determined the maximum strain amplitude (ɛ𝑎
𝑚𝑎𝑥) as follows: 

ɛ𝑎
𝑚𝑎𝑥 = max [ɛ𝑎,𝑖] − min [ɛ𝑎,𝑖]                                               (9.12) 

 

Using ɛ𝑎
𝑚𝑎𝑥 and fatigue cycle time period, we determined 𝜖̇ (= 0.2364%) which was plugged in Eq. 

9.9 to estimate the transformed strain rate (𝜖̇′). Using the values of 𝜃 (= 300 °C), 𝜖̇′(=0.04728%), and 𝑂′, 

the environmental fatigue correction factor (𝐹𝑒𝑛) was determined from Eq. 9.7. The estimated PWR 

environment fatigue life at 300 °C was then estimate using Eq. 9.6, and the value is given in Tables 9.1 

and 9.2. Tables 9.1 and 9.2 also compare the estimated fatigue lives based on elastic analysis and code 
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(S~N curve) with those estimated based on elastic-plastic analysis and ANL’s mechanistic fatigue 

evaluation method.  

 

 
Figure 9. 16 Strain amplitude history estimated using Eq. 9.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Final Report on CFD and Thermal-Mechanical Stress Analysis of PWR Surge Line under Transient Condition Thermal Stratification and an 

Evolutionary Cyclic Plasticity Based Transformative Fatigue Evaluation Approach without Using S~N Curve: Rev.1 

  August  2018 
 

ANL/LWRS-17/03 Rev. 1 154 

 

Table 9. 1 Estimated in-air and PWR environment fatigue lives at 300 °C (using 𝑲𝒆=1.32 in Eq. 9.3) 

Environment Temperature 

Environmental 

Correction Factor, 

𝐹𝑒𝑛  

Fatigue life 

(cycles) 

Uniaxial Experiment or 

Multiaxial Analysis  

Air 300 °C N/A 

6970 Uniaxial experiment 

2070 
Single cycle-multiaxial elastic 

analysis and ASME code 

6796 

Multicycle-multiaxial elastic-

plastic analysis using ANL 

evolutionary approach 

PWR 300 °C 3.469 

597 

(=2070/3.469) 

Single cycle-multiaxial elastic 

analysis and ASME code and 

NUREG-6909 

1959# 

(=6796/3.469) 

Multicycle-multiaxial elastic-

plastic analysis using ANL£ 

evolutionary approach and 

NUREG-6909 

# Fatigue life is calculated by dividing in-air fatigue life estimated by elastic-plastic analysis ((based on 

ASME and NUREG-6909 based single cycle stress analysis approach and ANL’s multi-cycle stress 

analysis approach) by environmental correction factor (𝐹𝑒𝑛=3.469) estimated using Eq. 9.5. 

£ ANL approach does not require to use NUREG-6909 Fen correction if PWR water condition 

evolutionary material model is used for multiaxial transformation of uniaxial data (as in present in-air 

case). 
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Table 9. 2 Estimated in-air and PWR environment fatigue lives at 300 °C (using 𝑲𝒆=1 in Eq. 9.3) 

Environment Temperature 

Environmental 

Correction Factor, 

𝐹𝑒𝑛  

Fatigue life 

(cycles) 

Uniaxial Experiment or 

Multiaxial Analysis  

Air 300 °C N/A 

6970 Uniaxial experiment 

5668 
Single cycle-multiaxial elastic 

analysis and ASME code 

6796 

Multicycle-multiaxial elastic-

plastic analysis using ANL 

evolutionary approach 

PWR 300 °C 3.469 

1634 

(=5668/3.469) 

Single cycle-multiaxial elastic 

analysis and ASME code and 

NUREG-6909 

1959# 

(=6796/3.469) 

Multicycle-multiaxial elastic-

plastic analysis using ANL£ 

evolutionary approach and 

NUREG-6909 

# Fatigue life is calculated by dividing in-air fatigue life estimated by elastic-plastic analysis (based on 

ASME and NUREG-6909 based single cycle stress analysis approach and ANL’s multi-cycle stress 

analysis approach) by environmental correction factor (𝐹𝑒𝑛=3.469) estimated using Eq. 9.5. 

£ ANL approach does not require to use NUREG-6909 Fen correction if PWR water condition 

evolutionary material model is used for multiaxial transformation of uniaxial data (as in present in-air 

case). 

 

From the results shown in Tables 9.1 and 9.2, it can be found that ANL’s evolutionary plasticity based 

models predicts fatigue lives, which are much closer to the experiment (at least for the discussed in-air 

condition ideal loading case) compared to the predicted lives based on ASME’s penalty factor based 

elastic-plastic stress analysis approach. Also these results show that ANL’s method predict less 

conservative results than the predicted lives based on ASME and NUREG-6909 based approach. In 

summary, ANL’s approach not only predict fatigue lives closer to experiment, but also predict less 

conservative results. Hence, ANL’s model may help to provide simulated data those can be used for 

extended service evaluation of LWR components. However, the discussed results are preliminary and 

require further evaluation both under in-air and PWR water conditions.   

 

9.2 Fatigue Life Estimation of SL Pipe under Actual Stress-Controlled or Thermal-Mechanical Loading 
Conditions 

 

In this section we discuss the fatigue life estimation of SL pipe under actual stress-loading condition. 

In previous section we demonstrated the fatigue life estimation of SL pipe under an imaginary uniaxial 

and strain-controlled cyclic loading. This was to verify the ANL developed fully mechanistic model for 
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component life estimation against the experimental data, those are generated under same condition of 

uniaxial and strain-controlled cyclic loading. However, under realistic conditions, components 

experiences multiaxial stress loading associated with thermal-mechanical loading conditions.  To apply 

the ANL developed fully-mechanistic (cycle-by-cycle stress analysis) model for life estimation of 

components under realistic stress-controlled type loading condition (associated with actual thermal-

mechanical loading), it requires the use of material models developed under very similar loading 

conditions, in which strain is a dependent/observed variable not a controlling variable as in the case of 

strain-controlled testing cases. Although we have presented some of the stress-controlled related material 

test and material model data in Section 6 & 7, still the stress-controlled material model is in its infancy 

stage. In addition, it requires to be implemented to ABAUQS, which is one of our future task. Hence, in 

this section we only shows the fatigue life estimation of out-surge and in-surge condition based on ASME 

and NUREG-6909 based fatigue life estimation approaches using single-cycle stress analysis results. 

Related CFD-HT and a detailed stress analysis results are already disused   in Section 7 and 8, respectively. 

Note that according to ASME code section III, NB3228.5 elastic analysis is required for life estimation of 

class 1 and components. Hence in this section only life estimation relevant elastic stress analysis results 

are presented. Also the same ASME and NUREG-6909 based methods discussed above (refer section 

9.1.2) is used for the present fatigue live estimation under actual thermal-mechanical loading condition. 

Only the related out-surge and in-surge condition results are presented below. 

 

9.2.1 In-air and environmental fatigue lives estimation of SL pipe under out-surge flow condition 
discussed in Section 8.4.1. 

 

 

 

Figure 9. 17 Simulated (elastic analysis) maximum (σ1), mid (σ2), and minimum (σ3) principal stresses at 

pressurizer-end of SL pipe under out-surge flow condition discussed in section 8.4.1. 
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Figure 9. 18 Stress amplitude history according to Eq. 9.1 and at pressurizer-end of SL pipe under out-

surge flow condition discussed in section 8.4.1. 

 

Figure 9. 19 Strain amplitude history according to Eq. 9.9 and at pressurizer-end of SL pipe under out-

surge flow condition discussed in section 8.4.1. 
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Table 9. 3 Fatigue lives of SL pipe, estimated under out-surge flow condition discussed in section 8.4.1. 

Environment 

(𝐾𝑒value) 

𝜃𝑎𝑣 

(oC) 

𝐸𝑎𝑣 

 (GPa) 

𝐸𝑐𝑢𝑟𝑣𝑒 

(GPa) 

𝐸𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 

 

𝜎𝑎 

(MPa) 

𝜎́𝑎 

 (MPa) 

𝐹𝑒𝑛 

 

𝑁𝑓 

 

Air  

(𝐾𝑒 = 1) 

 

 

 

136.55 

 

 

 

167.95 

 

 

 

195.12 

 

 

 

1.1618 

 

 

 

357.1 

 

 

414.87 

1 7332 

PWR water 

(𝐾𝑒 = 1) 

2.0834 3519 

Air  

(𝐾𝑒 = 1.22)# 

 

506.14 

1 3777 

PWR water 

(𝐾𝑒 = 1.22)# 

2.0834 1813 

# 𝐾𝑒 =
(𝜖1−𝜖3)𝑒𝑝

(𝜖1−𝜖3)𝑒
= 1.22 (Refer Eq. 9.5) 

9.2.2 In-air and environmental fatigue lives estimation of SL pipe under in-surge flow condition 
discussed in Section 8.4.2. 

 

 

Figure 9. 20 Simulated (elastic analysis) maximum (σ1), mid (σ2), and minimum (σ3) principal stresses at 

pressurizer-end of SL pipe under in-surge flow condition discussed in section 8.4.2. 
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Figure 9. 21 Stress amplitude history according to Eq. 9.1 and at pressurizer-end of SL pipe under in-

surge flow condition discussed in section 8.4.2. 

 

 
Figure 9. 22 Strain amplitude history according to Eq. 9.9 and at pressurizer-end of SL pipe under in-

surge flow condition discussed in section 8.4.2. 
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Table 9. 4 Fatigue lives of SL pipe, estimated under in-surge flow condition discussed in Section 8.4.2. 

Environment 

(𝐾𝑒value) 

𝜃𝑎𝑣 

(oC) 

𝐸𝑎𝑣 

 (GPa) 

𝐸𝑐𝑢𝑟𝑣𝑒 

(GPa) 

𝐸𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 

 

𝜎𝑎 

(MPa) 

𝜎́𝑎 

 (MPa) 

𝐹𝑒𝑛 

 

𝑁𝑓 

 

Air  

(𝐾𝑒 = 1) 

 

 

 

136.

55 

 

 

 

167.95 

 

 

 

195.12 

 

 

 

1.1618 

 

 

 

382.2 

 

 

444.03 

1 5519 

PWR water 

(𝐾𝑒 = 1) 

2.0834 2649 

Air  

(𝐾𝑒 = 1.153)# 

 

511.97 

1 3614 

PWR water 

(𝐾𝑒 = 1.153)# 

2.0834 1734 

# 𝐾𝑒 =
(𝜖1−𝜖3)𝑒𝑝

(𝜖1−𝜖3)𝑒
= 1.153   (refer Eq. 9.5) 
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10 Summary and Future Study 
 

10.1  Summary  

 

In this report, a complete framework of ANL developed evolutionary cyclic plasticity based fatigue 

life estimation approach is demonstrated. Experimental data for 316 SS presented under both strain-

controlled and stress-controlled loading conditions. Using the resulting test data different material models 

are developed. The accuracy of material models under both the strain-controlled and stress-controlled 

conditions is verified through evolutionary cyclic-plasticity based 1-D analytical models.  The strain-

controlled material models are implemented in commercially available ABAQUS FE software for 

component level modeling. The 3D FE implementation of evolutionary cyclic-plasticity in ABAQUS is 

verified through uniaxial test data under constant, variable and random amplitude fatigue loading. The 

transformation of uniaxial material model to multiaxial loading domain is demonstrated through fatigue 

life estimation of reactor component such as of 316 SS PWR surge line (SL) pipe. For component level 

fatigue life estimation of SL, different CFD analyses are performed to evaluate the thermal stratification 

condition. A detailed parametric study performed using both standalone CFD and fluid-structure-

interaction (FSI) based coupled CFD and heat transfer (CFD-HT) models. Both out-surge and in-surge 

transient conditions are modeled to estimate the thermal boundary conditions for stress analysis and 

subsequent fatigue evaluation. Fatigue lives of the SL pipe under out-surge and in-surge flow conditions 

are estimated based on ASME approach (for in-air life estimation) and NUREG-6909 approach (for 

environmental correction factor estimation and corresponding PWR environmental fatigue life 

estimation). Finally, ANL developed fully mechanics based (evolutionary cyclic-plasticity) approach is 

demonstrated for fatigue life estimation of the SL pipe without using conventional S~N curve based 

approach. Followings are the major conclusions from the presented research work: 

  

1. The simulated results demonstrate that the evolutionary cyclic plasticity model can mechanistically 

capture all the important stages of material behavior (initial hardening, softening, stabilized cycles, 

and finally rapid crack propagation followed by failure) during the entire fatigue life of the specimens 

with great accuracy.  

 

2. Evolutionary cyclic plasticity model can capture the load-sequence effect such as under variable and 

random amplitude loading with great accuracy. 

 

3. Stress-controlled test results show substantial effect of PWR water condition and loading rate on 

ratcheting strain.  

 

4. CFD simulations show that there is a substantial effect of mass flow rate on the extent of thermal 

stratification in SL. 

 

5. ANL’s fully mechanistic or cycle-by-cycle stress analysis model can be used for cycle-by-cycle stress 

analysis and associated fatigue life prediction of actual reactor component. Although the discussed 
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component model  (under the idealistic or imaginary strain controlled loading condition) predicted 

closely matching results (e.g. cyclic stress hardening/softening) comparable to the results obtained 

from the corresponding condition uniaxial experiment,  under actual thermal-mechanical loading case 

the stress analysis results would be much dependent on multi-axial loading effect associated with 

actual thermal-mechanical loading conditions of reactor component. Nevertheless, the purpose of the 

discussed component-level fully mechanistic model is to demonstrate the feasibility of cycle-by-cycle 

stress analysis of a realistic reactor component.  

 

 

10.2  Future Work  

 

Followings are some of the future work envisioned: 

1. Conduct more constant amplitude stress-controlled tests (with different mean stress conditions) to 

ascertain the observed higher rate of strain ratcheting under PWR water conditions. 

 

2. Conduct stress-controlled tests under variable and random amplitude loading to develop more 

generic material models, which can be used for capturing the load-sequence effect under stress-

controlled loading. 

 

3. Extend the ANL developed fully mechanistic fatigue evaluation framework for use in high 

performance computing system. 

 

4. Extend the transient condition based component-level CFD, stress, and fatigue analysis approach 

for full reactor cycles both under design basis conditions and grid-load-following conditions.  

 

5. Extend the developed approach for modeling the nozzle welds. 
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Appendices 
 

The appendices contain additional experimental and material modeling results of the strain-

controlled tensile (ET-T04) and fatigue (constant-amplitude: ET-F06, ET-F41; variable-amplitude: ET-

F38; and random-amplitude: ET-F40) tests discussed in this report. The supplementary experimental 

results include observed actuator position and crosshead stroke data. The supplementary material 

modeling results for the tensile test (ET-T04) include estimated material parameters considering yield 

stress at elastic limit and at 0.05%, 0.1%, and 0.2% offset strain limit. Tensile test based (time-independent 

or fixed) both linear (C1 only) and nonlinear (C1 and γ1) kinematic hardening parameters are provided. 

For fatigue test based material properties (time/cycle/block-dependent), nonlinear kinematic hardening 

parameters (C1 and γ1) were estimated considering yield stress at elastic limit and 0.05% offset strain 

limit, while linear (C1 only) kinematic hardening parameters were estimated considering yield stress at 

0.2% offset strain limit. In this work, however, nonlinear kinematic hardening parameters (C1 and γ1) 

considering yield stress at the elastic limit were only used for both analytical and 3D-FE modeling. Other 

material parameters are provided in the appendices in case readers are interested in using those; however, 

authors do not have data on accuracy of the predictions using those parameters. 

Appendix-3A: Supplementary Results for ET-T04 Tensile Test 

 
Figure 3A. 1  Engineering and true stress-strain curve estimated from T04 tensile test data. 
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Figure 3A. 2 Engineering stress-strain curve (up to 2% strain) estimated from T04 tensile test data 

showing assumed elastic limit (EL) and estimated 0.2% offset yield limit (YL). 

 

 

 
Figure 3A. 3 Frame crosshead displacement (stroke) and actuator position versus strain (up to 2% 

strain), estimated from ET-T04 tensile test data. These types of results will be used for selecting test 

parameters for stroke control and position control fatigue tests. 
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Figure 3A. 4 Stress vs position data from ET-T04. PH1: strain-controlled, PH2: position-control. Strain 

was predicted from position in PH2. This type of result will be used to estimate ratcheting strain from a 

stress-controlled fatigue test. 

 
Figure 3A. 5 Linear kinematic hardening parameter C1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from elastic limit to 2% true total strain). 
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Figure 3A. 6 L2 norm (of incremental kinematic hardening constant C1) with respect to number of 

iteration during parameter estimation using gradient based optimization scheme and using ET-T04 

stress-strain data (from elastic limit to 2% true total strain). 

 
Figure 3A. 7 Comparison of predicted true back stress (using linear kinematic hardening parameter C1 

and considering elastic limit as yield limit) with experimental true back stress for ET-T04 tensile test. 
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Figure 3A. 8 Comparison of predicted true total stress (using linear kinematic hardening parameter C1 

and elastic limit as yield limit) with experimental true total stress for ET-T04 tensile test. 

 

 
Figure 3A. 9 Nonlinear kinematic hardening constant C1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from elastic limit to 2% true total strain). 
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Figure 3A. 10 Nonlinear kinematic hardening constant γ1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from elastic limit to 2% true total strain) 

 

 
Figure 3A. 11 L2 norm (of incremental kinematic hardening constant C1 and γ1) with respect to number 

of iteration during parameter estimation using gradient based optimization scheme and using ET-T04 

stress-strain data (from elastic limit to 2% true total strain). 
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Figure 3A. 12 Comparison of predicted true back stress (using nonlinear kinematic hardening parameter 

C1 and γ1 and considering elastic limit as yield limit) with experimental true back stress for ET-T04 

tensile test. 

 
Figure 3A. 13 Comparison of predicted true total stress (using nonlinear kinematic hardening parameter 

C1 and γ1 and considering elastic limit as yield limit) with experimental true total stress for ET-T04 

tensile test. 
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Figure 3A. 14 Linear kinematic hardening parameter C1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from 0.05% offset strain yield limit to 2% true total strain). 

 
Figure 3A. 15 L2 norm (of incremental kinematic hardening constant C1) with respect to number of 

iteration during parameter estimation using gradient based optimization scheme and using ET-T04 

stress-strain data (from 0.05% offset strain yield limit to 2% true total strain). 
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Figure 3A. 16 Comparison of predicted true back stress (using linear kinematic hardening parameter C1 

and considering 0.05% offset strain as yield limit) with experimental true back stress for ET-T04 tensile 

test. 

 
Figure 3A. 17 Comparison of predicted true total stress (using linear kinematic hardening parameter C1 

and 0.05% offset strain as yield limit) with experimental true total stress for ET-T04 tensile test. 
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Figure 3A. 18 Nonlinear kinematic hardening constant C1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from 0.05% offset yield strain limit to 2% true total strain) 

 
Figure 3A. 19 Nonlinear kinematic hardening constant γ1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from 0.05% offset yield strain limit to 2% true total strain) 
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Figure 3A. 20 L2 norm (of incremental kinematic hardening constant C1 and γ1) with respect to number 

of iteration during parameter estimation using gradient based optimization scheme and using ET-T04 

stress-strain data (from 0.05% offset yield strain limit to 2% true total strain). 

 
Figure 3A. 21 Comparison of predicted true back stress (using nonlinear kinematic hardening parameter 

C1 and γ1 and considering 0.05% offset yield strain as yield limit) with experimental true back stress for 

ET-T04 tensile test. 
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Figure 3A. 22 Comparison of predicted true total stress (using nonlinear kinematic hardening parameter 

C1 and γ1 and considering 0.05% offset yield strain as yield limit) with experimental true total stress for 

ET-T04 tensile test. 

 

 
Figure 3A. 23 Linear kinematic hardening parameter C1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from 0.1% offset strain yield limit to 2% true total strain). 
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Figure 3A. 24 L2 norm (of incremental kinematic hardening constant C1) with respect to number of 

iteration during parameter estimation using gradient based optimization scheme and using ET-T04 

stress-strain data (from 0.1% offset strain yield limit to 2% true total strain). 

 
Figure 3A. 25 Comparison of predicted true back stress (using linear kinematic hardening parameter C1 

and considering 0.1% offset strain as yield limit) with experimental true back stress for ET-T04 tensile 

test. 
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Figure 3A. 26 Comparison of predicted true total stress (using linear kinematic hardening parameter C1 

and 0.1% offset strain as yield limit) with experimental true total stress for ET-T04 tensile test. 

 

 
Figure 3A. 27 Nonlinear kinematic hardening constant C1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from 0.1% offset yield strain limit to 2% true total strain) 
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Figure 3A. 28 Nonlinear kinematic hardening constant γ1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from 0.1% offset yield strain limit to 2% true total strain) 

 
Figure 3A. 29 L2 norm (of incremental kinematic hardening constant C1 and γ1) with respect to number 

of iteration during parameter estimation using gradient based optimization scheme and using ET-T04 

stress-strain data (from 0.1% offset yield strain limit to 2% true total strain). 
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Figure 3A. 30 Comparison of predicted true back stress (using nonlinear kinematic hardening parameter 

C1 and γ1 and considering 0.1% offset yield strain as yield limit) with experimental true back stress for 

ET-T04 tensile test. 

 
Figure 3A. 31 Comparison of predicted true total stress (using nonlinear kinematic hardening parameter 

C1 and γ1 and considering 0.1% offset yield strain as yield limit) with experimental true total stress for 

ET-T04 tensile test. 
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Figure 3A. 32 Linear kinematic hardening parameter C1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from 0.2% offset strain yield limit to 2% true total strain). 

 
Figure 3A. 33 L2 norm (of incremental kinematic hardening constant C1) with respect to number of 

iteration during parameter estimation using gradient based optimization scheme and using ET-T04 

stress-strain data (from 0.2% offset strain yield limit to 2% true total strain). 
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Figure 3A. 34 Comparison of predicted true back stress (using linear kinematic hardening parameter C1 

and considering 0.2% offset strain as yield limit) with experimental true back stress for ET-T04 tensile 

test. 

 
Figure 3A. 35 Comparison of predicted true total stress (using linear kinematic hardening parameter C1 

and 0.2% offset strain as yield limit) with experimental true total stress for ET-T04 tensile test. 
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Figure 3A. 36 Nonlinear kinematic hardening constant C1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from 0.2% offset yield strain limit to 2% true total strain) 

 
Figure 3A. 37 Nonlinear kinematic hardening constant γ1 with respect to number of iteration during 

parameter estimation using gradient based optimization scheme and using ET-T04 stress-strain data 

(from 0.2% offset yield strain limit to 2% true total strain) 
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Figure 3A. 38 L2 norm (of incremental kinematic hardening constant C1 and γ1) with respect to number 

of iteration during parameter estimation using gradient based optimization scheme and using ET-T04 

stress-strain data (from 0.2% offset yield strain limit to 2% true total strain). 

 
Figure 3A. 39 Comparison of predicted true back stress (using nonlinear kinematic hardening parameter 

C1 and γ1 and considering 0.2% offset yield strain as yield limit) with experimental true back stress for 

ET-T04 tensile test. 
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Figure 3A. 40 Comparison of predicted true total stress (using nonlinear kinematic hardening parameter 

C1 and γ1 and considering 0.2% offset yield strain as yield limit) with experimental true total stress for 

ET-T04 tensile test. 
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Appendix-3B: Supplementary Results for ET-F06 Fatigue Test 

 
Figure 3B. 1  Intermittent cycle cyclic time versus applied strain for ET-F06 fatigue test. 

 

 
Figure 3B. 2  Intermittent cycle cyclic time versus observed frame actuator position (baseline removed) 

for ET-F06 fatigue test. 
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Figure 3B. 3  Intermittent cycle cyclic time versus observed stroke for ET-F06 fatigue test. 

 

 
Figure 3B. 4  Intermittent cycle cyclic time versus observed stress for ET-F06 fatigue test. 
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Figure 3B. 5  Intermittent cycle strain versus stress curves for ET-F06 fatigue test. 

 

 
Figure 3B. 6  Magnified figure of Figure 3B. 5. 
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Figure 3B. 7  Maximum and minimum observed stroke during ET-F06. 

 

 

 
Figure 3B. 8  Maximum and minimum observed stress during ET-F06. 
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Figure 3B. 9  Maximum and minimum cycle-by-cycle elastic and plastic strain during ET-F06. 

 

 
Figure 3B. 10  Fatigue cycle versus estimated elastic modulus for ET-F06 fatigue test. Also the figure 

shows the comparison with respect to corresponding tensile test (ET-T04) elastic modulus. 
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Figure 3B. 11  Fatigue cycle versus estimated stress at elastic limit for ET-F06 fatigue test. Also the 

figure shows the comparison with respect to corresponding tensile test (ET-T04) elastic limit stress. 

 
Figure 3B. 12  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameters (C1el) for ET-F06 fatigue test, with cyclic elastic limit stress was considered to estimate the 

corresponding cycle back stress. 
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Figure 3B. 13  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameters (γ1el) for ET-F06 fatigue test, with cyclic elastic limit stress was considered to estimate the 

corresponding cycle back stress. 

 
Figure 3B. 14  Fatigue cycle versus end iteration L2 norm of the incremental nonlinear Chaboche model 

parameters (C1el  and γ1el) for ET-F06 fatigue test, with cyclic elastic limit stress was considered to 

estimate the corresponding cycle back stress. 
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Figure 3B. 15  Fatigue cycle versus estimated stress at 0.05% offset yield limit for ET-F06 fatigue test. 

Also the figure shows the comparison with respect to corresponding tensile test (ET-T04) yield limit 

stresses. 

 
Figure 3B. 16  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameter (C1yl) for ET-F06 fatigue test, with cyclic 0.05% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 
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Figure 3B. 17  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameter (γ1yl) for ET-F06 fatigue test, with cyclic 0.05% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 

 
Figure 3B. 18  Fatigue cycle versus end iteration L2 norm of the incremental nonlinear Chaboche model 

parameters (C1yl , γ1yl)   for ET-F06 fatigue test, with cyclic 0.05% offset yield limit stress was 

considered to estimate the corresponding cycle back stress. 
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Figure 3B. 19  Fatigue cycle versus estimated stress at 0.2% offset yield limit for ET-F06 fatigue test. 

Also the figure shows the comparison with respect to corresponding tensile test (ET-T04) yield limit 

stresses. 

 

 
Figure 3B. 20  Fatigue cycle versus estimated linear kinematic hardening or Chaboche model parameter 

(C1yl) for ET-F06 fatigue test, with cyclic 0.2% offset yield limit stress was considered to estimate the 

corresponding cycle back stress. 
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Figure 3B. 21  Fatigue cycle versus end iteration L2 norm of the incremental linear Chaboche model 

parameter (C1yl)   for ET-F06 fatigue test, with cyclic 0.2% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 

 

 

 
Figure 3B. 22  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameter (C1yl) for ET-F06 fatigue test, with cyclic 0.2% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 
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Figure 3B. 23  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameter (γ1yl) for ET-F06 fatigue test, with cyclic 0.2% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 

 

 
Figure 3B. 24  Fatigue cycle versus end iteration L2 norm of the incremental nonlinear Chaboche model 

parameters (C1yl , γ1yl)   for ET-F06 fatigue test, with cyclic 0.2% offset yield limit stress was 

considered to estimate the corresponding cycle back stress. 
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Appendix-3C: Supplementary Results for ET-F41 Fatigue Test 

 

 
Figure 3C. 1 Observed actuator position during ET-F41. 

 
Figure 3C. 2 Observed stroke during ET-F41. 
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Figure 3C. 3 Intermittent cycle cyclic time versus applied strain for ET-F41 fatigue test. 

 

 

 
Figure 3C. 4 Intermittent cycle cyclic time versus observed frame actuator position (baseline removed) 

for ET-F41 fatigue test. 
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Figure 3C. 5 Intermittent cycle cyclic time versus observed stroke for ET-F41 fatigue test. 

 

 

 

 
Figure 3C. 6 Intermittent cycle cyclic time versus observed stress for ET-F41 fatigue test. 
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Figure 3C. 7 Intermittent cycle strain versus stress for ET-F41 fatigue test. 

 

 
Figure 3C. 8 Magnified figure of Figure 3C. 8. 
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Figure 3C. 9 Time history of normalized stroke and strain measurements from ET-F41. 

 

 
 

Figure 3C. 10 Maximum and minimum observed actuator position (baseline removed) during ET-F41. 
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Figure 3C. 11 Maximum and minimum observed stroke (baseline removed) during ET-F41. 

 

 
Figure 3C. 25  Maximum and minimum observed stress during ET-F41. 
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Figure 3C. 26  Maximum and minimum cycle-by-cycle elastic and plastic strain during ET-F41. 

 

 
Figure 3C. 27  Fatigue cycle versus estimated elastic modulus for ET-F41 fatigue test. Also the figure 

shows the comparison with respect to corresponding tensile test (ET-T04) elastic modulus. 
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Figure 3C. 28  Fatigue cycle versus estimated stress at elastic limit for ET-F41 fatigue test. Also the 

figure shows the comparison with respect to corresponding tensile test (ET-T04) elastic limit stress. 

 
Figure 3C. 29  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameters (C1el) for ET-F41 fatigue test, with cyclic elastic limit stress was considered to estimate the 

corresponding cycle back stress. 
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Figure 3C. 30  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameters (γ1el) for ET-F41 fatigue test, with cyclic elastic limit stress was considered to estimate the 

corresponding cycle back stress. 

 
Figure 3C. 31  Fatigue cycle versus end iteration L2 norm of the incremental nonlinear Chaboche model 

parameters (C1el  and γ1el) for ET-F06 fatigue test, with cyclic elastic limit stress was considered to 

estimate the corresponding cycle back stress. 
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Figure 3C. 32  Fatigue cycle versus estimated stress at 0.05% offset yield limit for ET-F41 fatigue test. 

Also the figure shows the comparison with respect to corresponding tensile test (ET-T04) yield limit 

stresses. 

 

 
Figure 3C. 33  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameter (C1yl) for ET-F41 fatigue test, with cyclic 0.05% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 
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Figure 3C. 34  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameter (γ1yl) for ET-F41 fatigue test, with cyclic 0.05% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 

 
Figure 3C. 35  Fatigue cycle versus end iteration L2 norm of the incremental nonlinear Chaboche model 

parameters (C1yl , γ1yl)   for ET-F41 fatigue test, with cyclic 0.05% offset yield limit stress was 

considered to estimate the corresponding cycle back stress. 
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Figure 3C. 36  Fatigue cycle versus estimated stress at 0.2% offset yield limit for ET-F41 fatigue test. 

Also the figure shows the comparison with respect to corresponding tensile test (ET-T04) yield limit 

stresses. 

 
Figure 3C. 37  Fatigue cycle versus estimated linear kinematic hardening or Chaboche model parameter 

(C1yl) for ET-F41 fatigue test, with cyclic 0.2% offset yield limit stress was considered to estimate the 

corresponding cycle back stress. 
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Figure 3C. 38  Fatigue cycle versus end iteration L2 norm of the incremental linear Chaboche model 

parameters (C1yl)   for ET-F41 fatigue test, with cyclic 0.2% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 

 
Figure 3C. 39  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameter (C1yl) for ET-F41 fatigue test, with cyclic 0.2% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 
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Figure 3C. 40  Fatigue cycle versus estimated nonlinear kinematic hardening or Chaboche model 

parameter (γ1yl) for ET-F41 fatigue test, with cyclic 0.2% offset yield limit stress was considered to 

estimate the corresponding cycle back stress. 

 

 
Figure 3C. 41  Fatigue cycle versus end iteration L2 norm of the incremental nonlinear Chaboche model 

parameters (C1yl , γ1yl)   for ET-F41 fatigue test, with cyclic 0.2% offset yield limit stress was 

considered to estimate the corresponding cycle back stress. Note: high values for iteration norms and, 

therefore, nonlinear kinematic hardening parameters (C1yl, γ1yl) based on 0.2% offset yield stress should 

not be used for modeling fatigue behavior of 316 SS. 
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Appendix-3D: Supplementary Results for ET-F38 Fatigue Test 

 

 
Figure 3D. 1 Observed actuator position during ET-F38. 

 

 
Figure 3D. 2 Observed stroke during ET-F38. 
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Figure 3D. 3 Time history of normalized stroke and strain measurements from ET-F38. 

 
Figure 3D. 4 Block-by-block estimated elastic modulus for ET-F38 fatigue test. 
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Figure 3D. 5 Block-by-block estimated stress at elastic limit for ET-F38 fatigue test. 

 

 
Figure 3D. 6 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using linear kinematic hardening equation and estimated parameter C1, 

considering elastic limit stress as yield stress) for block-1. Solid line: prediction; Circles: experimental 

data from 12 fatigue cycles of block-1. Note: Bad prediction and, therefore, block-by-block linear 

kinematic hardening parameter C1el based on elastic limit stress should not be used for modeling fatigue 

behavior of 316 SS. 
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Figure 3D. 7 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using nonlinear kinematic hardening equation and estimated parameters C1 el and 

γ1 el, considering elastic limit stress as yield stress) for block-1. Solid line: prediction; Circles: 

experimental data from 12 fatigue cycles of block-1. 

 

 
Figure 3D. 8 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using nonlinear kinematic hardening equation and estimated parameters C1 el and 

γ1 el, considering elastic limit stress as yield stress) for block-100. Solid line: prediction; Circles: 

experimental data from 12 fatigue cycles of block-100. 
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Figure 3D. 9 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using nonlinear kinematic hardening equation and estimated parameters C1 el and 

γ1 el, considering elastic limit stress as yield stress) for block-1000. Solid line: prediction; Circles: 

experimental data from 12 fatigue cycles of block-1000. 

 

 
Figure 3D. 10 Block-by-block estimated nonlinear kinematic hardening or Chaboche model parameters 

(C1el) for ET-F38 fatigue test, considering elastic limit stress as yield stress. 
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Figure 3D. 11 Block-by-block estimated nonlinear kinematic hardening or Chaboche model parameters 

(γ1el) for ET-F38 fatigue test, considering elastic limit stress as yield stress. 

 
Figure 3D. 12 Block-by-block estimated stress at 0.05% offset yield limit for ET-F38 fatigue test. 
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Figure 3D. 13 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using linear kinematic hardening equation and estimated parameter C1, 

considering stress at 0.05% offset strain as yield stress) for block-1. Solid line: prediction; Circles: 

experimental data from 12 fatigue cycles of block-1. Note: Bad prediction and, therefore, linear 

kinematic hardening parameter C1yl based on 0.05% offset yield stress should not be used for modeling 

fatigue behavior of 316 SS. 

 

 
Figure 3D. 14 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using nonlinear kinematic hardening equation and estimated parameters C1yl and 

γ1yl, considering stress at 0.05% offset strain as yield stress) for block-1. Solid line: prediction; Circles: 

experimental data from 12 fatigue cycles of block-1. 
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Figure 3D. 15 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using nonlinear kinematic hardening equation and estimated parameters C1yl and 

γ1yl, considering stress at 0.05% offset strain as yield stress) for block-100. Solid line: prediction; 

Circles: experimental data from 12 fatigue cycles of block-100. 

 

 
Figure 3D. 16 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using nonlinear kinematic hardening equation and estimated parameters C1yl and 

γ1yl, considering stress at 0.05% offset strain as yield stress) for block-1000. Solid line: prediction; 

Circles: experimental data from 12 fatigue cycles of block-1000. 
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Figure 3D. 17 Block-by-block estimated nonlinear kinematic hardening or Chaboche model parameters 

(C1yl) for ET-F38 fatigue test, considering stress at 0.05% offset strain as yield stress. 

 

 
Figure 3D. 18 Block-by-block estimated nonlinear kinematic hardening or Chaboche model parameters 

(γ1yl) for ET-F38 fatigue test, considering stress at 0.05% offset strain as yield stress. 
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Figure 3D. 19 Block-by-block estimated stress at 0.2% offset yield limit for ET-F38 fatigue test. 

 

 
Figure 3D. 20 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using linear kinematic hardening equation and estimated parameter C1yl, 

considering stress at 0.2% offset strain as yield stress) for block-1. Solid line: prediction; Circles: 

experimental data from 12 fatigue cycles of block-1. 
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Figure 3D. 21 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using linear kinematic hardening equation and estimated parameter C1yl, 

considering stress at 0.2% offset strain as yield stress) for block-100. Solid line: prediction; Circles: 

experimental data from 12 fatigue cycles of block-100. 

 

 
Figure 3D. 22 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using linear kinematic hardening equation and estimated parameter C1yl, 

considering stress at 0.2% offset strain as yield stress) for block-1000. Solid line: prediction; Circles: 

experimental data from 12 fatigue cycles of block-1000. 
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Figure 3D. 23 Block-by-block estimated linear kinematic hardening or Chaboche model parameters 

(C1yl) for ET-F38 fatigue test, considering stress at 0.2% offset strain as yield stress. 

 

 
Figure 3D. 24 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using nonlinear kinematic hardening equation and estimated parameters C1yl and 

γ1yl, considering stress at 0.2% offset strain as yield stress) for block-1000. Solid line: prediction; 

Circles: experimental data from 12 fatigue cycles of block-1000. 
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Figure 3D. 25 Comparison of experimental true back stress (as a function of true plastic strain) and 

predicted back stress (using nonlinear kinematic hardening equation and estimated parameters C1yl and 

γ1yl, considering stress at 0.2% offset strain as yield stress) for block-2. Solid line: prediction; Circles: 

experimental data from 12 fatigue cycles of block-2. Note: iteration norm did not converge and, 

therefore, nonlinear kinematic hardening parameters (C1yl, γ1yl) based on 0.2% offset yield stress should 

not be used for modeling fatigue behavior of 316 SS. 
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Appendix-3E: Supplementary Results for ET-F40 Fatigue Test 

 
Figure 3E. 1 Observed actuator position during ET-F40. Block period = 4251 s. 

 
Figure 3E. 2  Magnified version of Figure 3E. 1. 
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Figure 3E. 3 Observed stroke during ET-F40. Block period = 4251 s. 

 

 
Figure 3E. 4  Magnified version of Figure 3E. 3. 
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